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REMARKS 

Status of the Claims 

Claims 25-29, 43, and 45-47 are pending and claims 43 and 45-47 are under 
consideration in this application, claims 25-29 having been withdrawn for allegedly being drawn 
to a separate invention. All the claims under consideration stand rejected. 

Claims 45 and 46 are amended herein. The amendments to claims 45 and 46 are 
supported by the instant specification (e.g., at page 19, second paragraph) and claim 21 as 
originally filed and add no new matter. 

No claims are added or cancelled herein and so, after entry of the present response, 
claims 25-29, 43, and 45-47 will be pending and claims 43 and 45-47 will be under consideration 
in this application. 

Rejections under 35 U.S.C. § 103fa) 

(a) Claims 43 and 45 stand rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable 
over Varon et al., J. Neurotrauma 11:473-486, 1994 in view of Kamata et al., Microbiol. 
Immunol. 38:421-428, 1994. Applicants respectfully disagree with the rejection. 

According to the Office Action, Varon et al. "teaches that neurotrophic factors are well 
recognized for their important function on developing neurons of the PNS, and that said factors 
were previously proposed to play additional and equally important roles in the CNS" (at page 4). 
The Office Action also cites Varon et al. for disclosing "that much less attention has been given 
to the involvement of neurotrophic factors in the CNS regenerative processes" (at page 4). The 
Office Action further cites Varon et al. for teaching "various model systems utilizing in vivo 
administration of NGF to promote neuronal outgrowth in the CNS in a spinal cord injury model" 
and that continuous infusion of NGF at a site of surgery "resulted in dramatically enhanced 
sensory fiber elongation into the injury site" (at page 4). The Office Action then concludes that 
"[u]pon reading the disclosure of the Varon et al. reference, the skilled artisan would have 
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recognized the desirability of developing improved methods of treating traumatic spinal cord 
injury" (at page 4). 

The Office Action cites Kamata et al. as teaching "chick dorsal root ganglia (DRG) 
induced nerve outgrowth via administration of C botulinum C3 exoenzyme ADP- 
ribosyltransferase (CART) that is at least as effective as DRG outgrowth induced via the 
neurotrophic factor NGF" (at page 5). 

The Office Action also opines that based on the teachings of Varon et al. and Kamata et 
al., "the skilled artisan would have known that CART is a neurotrophic factor that is at least as 
effective as NGF and that neurotrophic factors are useful in providing neurite outgrowth in spinal 
cord injury" (at page 5). The Office Action concludes that "it would have been obvious to the 
person of ordinary skill to try methods of increasing neurite regeneration in the CNS via 
administration of CART to a patient after spinal cord injury in an attempt to provide an improved 
method of treating SCI" (at page 5). Applicants respectfully disagree. 

Applicants have amended claims 45 and 46 to recite, in part, "[a] method to increase 
CNS neurite regeneration" comprising "delivering to a CNS nerve growth environment" 
(emphasis added). At the outset, Applicants point out that there is no evidence in Kamata et al. 
that a C3 ADP-ribossyl transferase ("CART") would promote neurite outgrowth in a CNS 
environment, as is required by the instant amended claims. The dorsal root ganglia (DRG) 
treated in Kamata et al. {see, e.g., page 422, column 2, second paragraph; and page 424, second 
paragraph) are in the peripheral nervous system (PNS) and not the central nervous system (CNS) 
(see, e.g., Varon et al, page 483, paragraph 2). 

It is well established that the microenvironment and cellular makeup of the CNS are very 
different from those of the PNS, and that factors within the CNS microenvironment, including 
CNS myelin, act to inhibit nerve regeneration {see Aguayo et al, J. Exp. Biol. 95:231-240, 1981; 
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Carbonetto et al, J. Neurosci. 7:610-620, 1987; copies of which are enclosed as Exhibits A and 
B, respectively; see also page 1, first paragraph of the instant specification). Indeed, as 
discussed in the instant specification, "[a]n important barrier to regeneration is the axon growth 
inhibitory activity that is present in CNS myelin and that is also associated with the plasma 
membrane of oligodendrocytes, the cells that synthesize myelin in the CNS" (instant 
specification at page 1). Accordingly, one of ordinary skill in the art, reading Kamata et aVs 
disclosure of a PNS model, would have no expectation of success in using a CART to increase 
neurite regeneration in the CNS, as recited in the pending claims. 

Further, the entire disclosure of Kamata et al. is directed to in vitro assays. Specifically, 
Kamata et al. investigated the effect of CART on various cultured cell lines in vitro (see page 
424, Table 1), and on a cultured dorsal root ganglion in vitro (i.e., a PNS in vitro system; see 
page 424, paragraph 2, and Fig. 2). Given that not only are results observed in a PNS system not 
necessarily indicative of results in the CNS, but that in vitro results are not necessarily indicative 
of in vivo effects (especially in the CNS), one of ordinary skill in the art, reading Kamata et al, 
would not arrive at the pending claims. Furthermore, even if Kamata et al. did lead one of 
ordinary skill in the art to the in vivo use of a CART (which it does not), there certainly would be 
no guidance to the use of a CART within the CNS in vivo; at most, Kamata et al. would lead to 
PNS applications. 

Additionally, the Office Action's characterization of Kamata et al. as "concluding from 
their studies that [CART] exoenzyme is a neurotrophic agent" is overbroad. In fact, what 
Kamata et al. teaches is: 

1 . "The [CART] exoenzyme evoked the outgrowth of neurites from chick ganglion as 
effectively as nerve growth factor, suggesting that [CART] exoenzyme possesses 
neurotropic activity" (abstract, emphasis added). 

2. "To confirm the neurite-inducing activity of [CART] exoenzyme, the neurite- 
outgrowth assay was performed with chick ganglia. As shown in Fig. 2, [CART] 
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exoenzyme evoked the formation of neurites at a relatively high concentration of the 
exoenzyme as compared with the effective concentration of nerve growth factor" (at page 
424, paragraph 2, emphasis added). 

3. "It could be, therefore, said that [CART] exoenzyme is a neurotropic agent" (at page 
427, paragraph 1, emphasis added). 

The crux of the disclosure of Kamata et al. , therefore, is that CART demonstrated 
neurite-inducing activity in a PNS culture system (i.e., DRG cultures) and not, contrary to the 
Office Action, that CART is a neurotrophic factor. 

As described by Holtzrnan et al. {West. J. Med. 161:246-254, 1994, a copy of which is 
enclosed as Exhibit C), "[neurotrophic factors are polypeptides that exert their actions through 
binding and activating specific cell surface receptors. It is increasingly apparent that 
neurotrophic factors have an important role in the growth, development, and maintenance of 
neurons in both the central and peripheral nervous systems." Holtzrnan et al. further states that 
neurotrophic factors belong to several defined classes (see page 246, Table 1). Neurotrophic 
factors are known to act by binding to particular cell surface receptors. For example, the 
members of the neurotrophin class, which includes NGF, bind to specific trk receptors (see page 
247, Figure 1). 

Nevertheless, the Office Action focuses on the term "neurotrophic factor", as used in 
Kamata etai, and regards Kamata et al. as concluding that CART is a neurotrophic factor. 
Kamata et al. certainly does not state or suggest that CART belongs to a family of neurotrophic 
factors. Rather, as discussed above, what Kamata et al. discloses is that CART can induce 
neurite outgrowth in a specific PNS culture system. 

Further, the Office Action appears to view all neurotrophic factors as interchangeable 
such that CART could be exchanged with any of a number of neurotrophic factors, such as NGF. 
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However, this is not the case. A CART is an exogenous enzyme derived from bacteria that does - 
not bind to specific receptors. Rather, CARTs specifically ADP-ribosylate and inhibit the action 
of the rho family of GTP-binding proteins {see, e.g., the instant specification at pages 1 1-12). In 
contrast, NGF is an endogenous polypeptide that is produced by the target of innervating neurons 
and that acts on receptors located on the cell surface of neurons {see Holtzman et al , page 247). 
Given that the members of the family of neurotrophic factors are structurally and functionally 
distinct from a CART, one of ordinary skill in the art would not consider CARTs and 
neurotrophic factors, such as NGF, to be interchangeable. 

Moreover, the Office Action cites Kamata et al. as teaching that DRG nerve outgrowth 
induced by CART "is at least as effective as DRG outgrowth induced via the neurotrophic factor 
NGF" (at page 5). The Abstract of Kamata et al. states that CART "evoked the outgrowth of 
neurites from chick ganglion as effectively as nerve growth factor". However, as clearly shown 
and focused on by Kamata et al, CART was far less efficient than NGF at evoking the 
outgrowth Thus, Kamata et al. demonstrates that CART "evoked the formation of neurites at a 
relatively high concentration of the exoenzyme as compared with the effective concentration of 
nerve growth factor" (at page 424, column l,last sentence of paragraph 2, emphasis added). 
Indeed, Kamata et al. reports that it took a 50-fold increase in the amount of CART relative to 
NGF to induce neurite outgrowth of cultured chick embryonic ganglia {see page 424, Fig. 2). 
Kamata et al. concluded that the high dose of CART was necessary for induction of neurite 
outgrowth due to the extremely poor ability of cells to internalize CART {see page 427, 
paragraph 2). Given that an in vitro PNS system required a significantly higher concentration of 
CART compared to NGF to induce neurite outgrowth, one of ordinary skill in the art certainly 
would not have considered that CART and NGF would be interchangeable in an in vitro PNS 
system, much less interchangeable for administration to the CNS of a patient. 



Finally, Kamata et al. teaches away from the claimed methods. Kamata et al. states that 
CART induces "dysfunctional" changes in the cytoskeleton of cultured cells (at page 427, 



Applicant : McKerracher et al. Attorney's Docket No.: 12552-002001 / 06447-002-US- 

SerialNo. : 09/184,572 : 

Filed : November 2, 1998 

Page : 10 of 12 



column 2, paragraph 2). This teaching that CART resulted in abnormal cellular changes would 
most certainly dissuade one of ordinary skill in the art from using a CART in a patient, as 
currently claimed. 

In light of the arguments presented above, Applicants respectfully submit that one of 
ordinary skill in the art would not, in view of the cited references and his or her own common 
sense, have had a good reason to pursue a CART as an agent to replace NGF in the method 
described by Varon et al. In addition, in view of the dearth of experimental evidence in support 
of the use of a CART in treating CNS injuries, such an approach would have had no reasonable 
expectation of success. 

Therefore, the cited references, either alone or in combination, cannot render claims 43 or 
45 obvious. 

Finally, Applicants remind the Examiner of the unexpected results described in 
Example II of the instant application and referred to on page 9, second last paragraph, of the 
Response submitted May 24, 2007. 

(b) Claims 46 and 47 stand rejected under 35 U.S.C. § 103(a) as allegedly being unpatentable 
over Varon et al. in view of Kamata et al, and further in view of U.S. Patent No. 5,134,121 to 
Mobley et al. ("the '121 Patent"). Applicants respectfully traverse the rejection. 

The teachings of Varon et al. and Kamata et al. have been discussed supra. The '121 
patent describes NGF factor peptides that can act as NGF agonists and antagonists. None of the 
three cited references discloses or even suggests CART fragments, let alone Rho-family 
inhibitory fragments of CART, for any use, and certainly not for treating CNS injuries as in 
claims 46 and 47. Therefore, given that the cited references do not disclose each and every 
element of the claims at issue, they cannot render claims 46 and 47 obvious. 
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Moreover, even if the cited references did disclose each and every element of the claims 
(which they clearly do not), one of ordinary skill in the art, reading the cited references, would 
not use Rho-family inhibitory CART peptides to treat CNS injuries. As pointed out above, none 
of the references discloses CART fragments at all. The Office Action opines that, because the 
'121 patent teaches peptide fragments of NGF in the treatment of neurological diseases, it would 
have been obvious in view of all three references to use fragments of CART for this purpose. 
Applicants respectfully disagree with this position. 

First, as pointed out above, one of ordinary skill in the art would not have considered 
using a full-length CART for the treatment of CNS injuries. Applicants respectfully submit that 
one of ordinary skill in the art would have been even less likely to have considered using CART 
fragments, particularly Rho family inhibitory fragments, for this purpose. 

In addition, while the '121 patent does disclose NGF peptides that could be useful in 
treatment of neurological diseases, it provides no hint of using a CART, let alone CART 
fragments (such as Rho family-inhibitory fragments) for this purpose. Given the structural and 
functional differences between NGF and CARTs discussed above, a teaching that NGF 
fragments could be used to treat neurological diseases says nothing about the use of CART 
fragments. Success with NGF fragments, without more, would not have led one of ordinary skill 
in the art to use fragments of any other molecule, let alone a CART, in the claimed methods. 

Therefore, the cited references, either alone or in combination, cannot render claims 46 or 
47 obvious. 

In view of the above considerations, Applicants respectfully request withdrawal of the 
rejections under 35 U.S.C. § 103(a). 
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CONCLUSION 

In summary, for the reasons set forth above, Applicants maintain that the claims under 
consideration patentably define the invention. Applicants request that the Examiner reconsider 
the rejections as set forth in the Office Action, and permit the claims under consideration to pass 
to allowance. 

If the Examiner would like to discuss any of the issues raised in the Office Action, 
Applicants' undersigned representative can be reached at the telephone number listed below. 

Enclosed is a request for an automatic extension of time. Please charge the fee for the 
extension of time and any other fees or make any credits to Deposit Account No. 06-1050, 
referencing Attorney Docket No. 12552-002001. 



Respectfully submitted, 



2/21/08 /Stuart Macphaiy 

Date:, 

Stuart Macphail, Ph.D., J.D. 
Reg. No. 44,217 

Fish & Richardson P.C. 

Citigroup Center 

52nd Floor 

153 East 53rd Street 

New York, New York 1 0022-46 1 1 

Telephone: (212) 765-5070 

Facsimile: (212) 258-2291 



30400694.doc 



EXHIBIT A 



J. exp. Biol. (1981), 95, 331-240 

With $ figure* 

'Printed m Great Britain 

INFLUENCES OF THE GLIAL ENVIRONMENT ON THE 
ELONGATION OF AXONS AFTER INJURY: 
TRANSPLANTATION STUDIES IN ADULT RODENTS 

By ALBERT J. AGUAYO, SAMUEL DAVID and GARTH M. BRAY, 
Neurosciences Unit, The Montreal General Hospital and McGiU University 

SUMMARY 

Tissue transplantation methods, previously used to study neural develop- 
ment, myelination and inherited disorders of myelin can be applied also to the 
investigation of repair and regeneration in the mammalian CNS. The elon- 
gation of axons from injured peripheral nerve or CNS has been studied in 
adult mice and rats by observing the growth of axons into PNS or CNS 
tissue grafts. 

Following spinal cord injury and also after transplantation of optic nerves 
into the PNS there is axonal sprouting but these neuronal processes fail to 
elongate more than a few mm into the surrounding glia. On the other hand if 
segments of a peripheral nerve are grafted into the transected spinal cord, 
axons arising from spinal neurons and dorsal root ganglia become associated 
with the transplanted Schwann cells and elongate along the graft, approxi- 
mately 1 cm. Recently the elongation of axons from spinal and medullary 
neurones was studied using a new experimental model which employed PNS 
grafts as 'bridges' to connect the spinal cord and the brain stem. In a series 
of adult C57BL/6J mice and Sprague Dawley rats, autologous segments of 
sciatic nerve were used to create ' bridges ' between the lower cervical or upper 
thoracic spinal cord and the medulla oblangata. The spinal cord between these 
two levels was left intact. 

Grafted segments examined by light and electron microscope 1-7 months 
after surgery were well innervated by Schwann cell ensheathed axons that 
had grown the entire length of the graft (2 cm in mice and 3-5 cm in rats). 
The origin and termination of these axons were determined by transecting the 
regenerated grafts and applying horseradish peroxidase to the cut ends. 
Retrogradely labelled neurones were found to be distributed widely in the 
gray matter of the spinal cord and medulla near the sites of insertion of the 
graft. Anterogradely labelled fibres coursing within the graft penetrated the 
CNS for short distances, approximately 2 mm. 

These new results indicate that following CNS injury a conducive glial 
environment does allow spinal and brain stem neurones to elongate axons for 
distances that can be greater than those they usually extend for in the intact 
animal. This evidence that the regenerative response of similar axons differs 
in CNS and PNS neuroglia supports the hypothesis that influences arising 
from the environment play an important role in the success or failure of 
regeneration. The regenerative potentiality of central neurones may be ex- 
pressed only when the CNS neuroglial environment is changed to resemble 
that in the PNS. 
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INTRODUCTION 

Functional recovery from injury to the nenrtms system involves the restitution of 
damaged structures or their substitution by alternate neuronal pathways (Eidelberg & 
Stein, 1974; Schneider, 1979). Such reorganizations of neuronal activity may involve 
the regrowth of interrupted fibres and the extension of collateral branches from intact 
nerve cells (Liu & Chambers, 1958 ; Goldberger & Murray, 1978). To become effective, 
these responses often require substantial elongation of neuronal processes to establish 
appropriate terminal connections. Axons transected in the peripheral nervous system 
successfully re-grow over long distances. On the other hand, although initial regener- 
ative responses are well documented for the injured central nervous systems of most 
animals (BjSrklund & Stenevi, 1979; Cotman & Nadler, 1978; Crutcher, Brothers & 
Davis, 1 98 1 ; Raisman & Field, 1973), the subsequent axonal growth is generally limited 
to a few mm and regeneration is aborted (Cajal, 1928). Although other mechanisms 
may contribute to the failure of regeneration in the brain and spinal cord (Guth, 1974; 
Varon, 1977; Lund, 1978; Grafstein & McQuarrie, 1978; Veraa & Grafstein, 1981), 
the limited elongation of axons within the damaged CNS appears to be a fundamental 
element. In this review, we summarize experimental evidence suggesting that 
differences in the capacity of regenerating axons to elongate in the PNS and CNS 
may be more dependent on the environment in which these axons are located than 
upon the intrinsic properties of their neurones, a role for the neural environment 
that was postulated by Cajal (1928). 

The neural environment and axonal growth 

The hypothesis that the neural environment (Table 1) plays an important role in 
axonal regeneration implies that axons fail to elongate in the CNS because this 
environment either lacks the growth-promoting properties of the PNS or exerts 
inhibitory influences. The different cellular responses to nerve fibre interruption in 
the CNS and PNS support this concept. In peripheral nerves, axons regenerate along 
columns of Schwann cells surrounded by basal lamina, the so-called bands of Biingner. 
In the adult mammalian CNS, on the other hand, no such well-aligned structures as 
the bands of Biingner persist after injury, rather, intertwining cytoplasmic processes 
of glial cells form a dense mesh or scar at the site of injury. 

Conditions in the neural environment may also contribute to the more successful 
regrowth of axons observed in amphibians, fish and newborn mammals. In amphibians 
and fish, CNS regeneration is usually more effective than in mammals (Murray, 1976; 
Michel & Reier, 1979; Forehand & Farel, 1979; Wood & Cohen, 1979). In these 
submammalian species, the glial cells may guide and facilitate axon growth and 
regeneration (Singer, Nordlander & Egar, 1979; Katz & Lasek, 1979; Wood & 
Cohen, 1979). In newborn mammals, the transection of CNS fibre tracts can be 
followed by a growth of axons over distances greater than those observed after injury 
in older animals (Kalil & Reh, 1979), although some of the axons observed in these 
experiments may have been due to the arrival of developing fibres rather than re- 
generation. The enhanced elongation in these animals may reflect the paucity of glial 
cells in young animals (Brizzee & Jacobs, 1959; Fulcrand & Privat, 1977) and/or 
developmental changes in the properties of these cells, including their tendency to form 
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Table 1. Components of the neural environment 

CNS 

Oligodendrocytes, astrocytes 
Microglia 



• Although diffusable factors that influence neurite growth have been recognized m vitro, the role of 
such substances in regeneration has not been established m vivo. 

less dense glial scars (Sumi & Hager, 1968). Furthermore, regeneration in newborn 
animals may also be more successful because of the relatively short distances that are 
required for axons to reach their targets. 

The growth facilitating effects of various components of the neural microenviron- 
ment have been investigated in tissue culture. Surface characteristics of the substrate 
such as its adhesiveness, can influence branch formation and the course of axonal 
growth in vitro (Letourneau, 1975; Sidman & Wessells, 1975). Furthermore, Schwann 
cells may have trophic effects on neurones (Varon & Bunge, 1978). In dissociated 
cultures, Schwann cells and fibroblasts can substitute for nerve growth factor (NGF) to 
support the survival and ■neuritic growth of sympathetic or dorsal root ganglion cells 
(Burnham, Raiborn & Varon, 1972). In vitro studies have also demonstrated factors 
other than NGF have trophic influences on specific cell populations (Edgar, Barde & 
Thoenen, 1981). Such factors can be derived from glial tumour cells (Monard et al. 
I 97S). Schwann cells (Varon, Skaper & Manthorpe, 1981) or cardiac muscle cells 
(Adler & Varon, 1979; Edgar et al. 1981). The requirements of cultured neurones for 
some of these factors changes during development (Barde, Edgar & Thoenen, 1980). 

The use of experimental transplants to study regeneration and neural repair 

Tissue transplantation techniques used to study neural development (Harrison 
1934; Harris, 1979), myelination (Aguayo, Charron & Bray, 1976) and inherited 
disorders of myelin formation (Aguayo, Bray & Perkins, 1979), have also been 
applied to the investigation of repair and regeneration in the mammalian nervous 
system. Two main strategies are available: 

(a) Neural tissue transplants in which neurones from foetal or newborn animals 
survive and may establish connections with the brains of adult hosts (Stenevi & 
Bjorklund, 1978; Kromer, Bjorklund & Stenevi, 1979; Perlow et al. 1979; Rosenstein 
& Brightman, 1979); 

(£) Grafts of central or peripheral glia into the peripheral nerves or central nervous 
system of adult animals (Aguayo et al. 1979). Such grafts were employed to assess 
interactions of axons from host neurones in the PNS or CNS with transplanted glia 
or Schwann cells" to compare the effects of different environments on axonal growth 
(Aguayo et al. 1979). 

In the present report we review the results of experiments in which we have used 
this approach to assess influences that favour or impair axon elongation after injury. 

Transplantation of Schwann cells into peripheral nerves. Allogenic and xenogenic 
iierve segments or in vitro preparations of Schwann cells were transplanted into the 
p^ansected sciatic nerves of immune-suppressed mice where they ensheathed and 
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myelinated axons regenerating from the host nerve (Aguayo et al. 1977a, b). Whel^ 
after regeneration of the grafted nerves, the immune suppression was discontinued the 
alio- or xenogenic sheath cells were rejected and the segments of nerve at the site of the 
original graft became ensheathed by Schwann cells migrating from the host (Aguayo 
et al. 19776, 1979). This Schwann cell migration may have been guided and facili- 
tated by the axons and basal lamina that survived the rejection of the grafted (donor) 
Schwann cells. Thus, the transplanted Schwann cells had acted as temporary 'bridges' 
to facilitate axonal regrowth across the nerve gaps. The recent finding that Schwann 
cells grown in vitro can be transplanted into peripheral nerve, as well as spinal cord 
(Duncan et al. 1981), provides a new experimental technique for the study of cell 
interactions in the PNS and CNS and also suggests that it may be possible to use 
cells cultured in vitro for sheath cell replacement and experimental neural repair. 

Transplantation of peripheral nerve segments into the CNS. Although Cajal (1928) and 
several other investigators (Tello, 191 1; Sugar & Gerard, 1940; Clark, 1943 ; Kao, 
Chang & Bloodworth, 1977) demonstrated the reinnervation of peripheral nerve 
segments grafted into the spinal cord, it remained to be determined whether any axons 
within these grafts were derived from intrinsic spinal neurones or if all were the result 
of regrowth from neighbouring spinal roots (Sugar & Gerard, 1940; Clark, 1943). The 
experiments described below were designed to answer this question using con- 
temporary morphologic techniques. 

In adult female rats, a segment of the thoracic spinal cord was resected and re- 
placed by an autologous sciatic nerve graft 1 cm long. Ten days to four months later, 
the animals were killed and the graft and its junctions with the spinal cord were 
examined by light and electron microscope. All grafts of more than 3 weeks duration 
were richly innervated with myelinated and unmyelinated axons, even if the dorsal 
spinal roots entering the graft site and their ganglia had been avulsed. At the junction 
between the graft and the central nervous tissues, myelinated and unmyelinated axons 
were observed within dome-shaped structures containing astrocytic processes and 
surrounded by basal lamina. Occasional nodes of Ranvier were seen in which one 
heminode had peripheral myelin and the other central myelin. 

Retrograde cell labelling with horseradish peroxidase (HRP) (Mesulam, 1978) indi- 
cated that some of the axons within the graft originated from intrinsic spinal cord 
neurones and others were derived from the dorsal root ganglia below the graft 
(Richardson, McGuinness & Aguayo, 1980). In another group of animals, a tritiated 
leucine-proline mixture was injected into the lumbar dorsal root ganglia three months 
after grafting a peripheral nerve segment into the transected thoracic spinal cord. 
Radioautography showed that anterogradely labelled axons originating in the dorsal 
root ganglia several segments below the level of the graft had ascended in the dorsal 
columns and entered the graft. Some of these labelled axons crossed the grafts from 
the caudal end of the cord but did not appear to re-enter the rostral spinal stump 
(Richardson, Aguayo & McGuinness, 1981). These experiments indicate that axons 
from dorsal root ganglia as well as from spinal neurones in the proximity of the spinal 
cord transection are capable of growth along the PNS grafts for distances of approxi- 
mately 1 cm. These axons may have originated by regrowth of damaged fibres or from 
the extension of collaterals from uninjured neurones. 

Transplantation ofCNSglia into peripheral nerves. Interactions between regenerating 
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pripheral axons and transplanted CNS glia were studied in mice and rats by grafting 
segments of optic nerve 5 mm in length into the main trunk of the sciatic nerve or one 
of its branches (Aguayo et al. 1978; Weinberg & Spencer, 1979). Such optic nerve 
grafts contain astrocytes and oligodendrocytes but not neurones. Following trans- 
plantation the axons within the optic nerve segments degenerated but (in contrast to 
the rapidity with which myelin and axon remnants were cleared from degenerating 
peripheral nerves) such debris was observed in the grafts for several months. The 
majority of axons arising from the proximal stump of the recipient peripheral nerve 
bypassed the transplant and re-entered the distal stump. However, the glial trans- 
plants were penetrated by some peripheral axons that became ensheathed by astro- 
cytic processes and were occasionally myelinated by oligodendrocytes. The longi- 
tudinal growth of most of these axons was limited to less than 1 mm with only a few 
axons reaching the distal end of the graft. 

The results of these experiments suggest four conclusions: (i) CNS transplants are 
less receptive to the regeneration of peripheral axons than are peripheral nerve grafts or 
the distal stumps of transected peripheral nerves; (ii) the connective tissue that forms 
at the margins of the grafts is not an impenetrable barrier to axon growth because 
some axons enter the glial grafts although they fail to continue to elongate within 
them; (iii) glial cells survive in the graft and are able to ensheath and myelinate 
penetrating axons; (iv) early synaptogenesis with neurones, a phenomenon shown in 
experiments involving transected spinal cords (Bernstein & Bernstein, 1971), could not 
be the cause of the limited axonal growth observed in these grafts because the trans- 
planted optic nerve segments contained no nerve cells. 

The observations in the optic nerve grafts are also in concordance with the demon- 
stration that injured dorsal root axons regenerate as far as the PNS-CNS boundary but 
only a few enter the spinal cord (Stensaas, Burgess & Horch, 1979; Perkins et al. 
1980). 

Peripheral nerve grafts as 'bridges' for regenerating CNS axons 
The sciatic and optic nerve graft experiments described above provided the basis 
for more recent studies designed to determine the potential of axons injured in the 
CNS to elongate for distances equivalent to some of the long projecting neurone 
systems in the intact CNS (David & Aguayo, 1981). 

Autologous segments of the sciatic nerve (2 cm in mice and 3-5 cm in rats) were 
used to prepare 'bridges' between the medulla oblongata and the lower cervical or 
upper thoracic spinal cord in a series of adult C57BL/6J mice and Sprague-Dawley 
rats. The bridging nerve grafts were placed extraspinally within the subcutaneous 
tissues in the back of the animals (Fig. 1). Through a small laminectomy an incision 
was made with a 1 50 /tm glass rod into the dorsal spinal cord and medulla to insert the 
ends of the nerve 'bridges'. The spinal cord between these two levels was left intact. 
Animals survived without apparent neurologic deficits and were sacrificed between 1 
and 7$ months after grafting. 

Examination of the grafts by light and electron microscope showed that they were 
well innervated by axons ensheathed by Schwann cells (Fig. 2). The origin and 
j|rmination of these axons was determined by transecting the regenerated grafts and 
Pplying horseradish peroxidase to the cut ends (Mesulam, 1978; Richardson et al. 
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Fig. i . Diagram of sagittal section of rat CNS with a peripheral nerve graft (G) linking the med- 
ulla oblongata and the upper thoracic spinal cord (t). The elongation of axons was measured cs 
the distance between the site of HRP application and the labelled cells in the CNS. For this 
purpose, when neurones were sought in the medulla the tracer was applied to the nerve 30 mm 
from the brain stem (••). Conversely, when the growth of spinal neurones was investigated, the 
graft was cut close to the brain stem (*). Anterograde labelling was obtained by applying HRP 
to the short stumps. 

1980). Retrogradely-labelled neurones were found in several nuclei of the medulla 
and in the gray matter of the spinal cord in areas that were close to the insertion of the 
graft (Figs. 3, 4). Anterogradely-labelled fibres penetrated the CNS for distances that 
did not exceed 2 mm (Fig. 5). The results of these experiments indicate that the PNS 
' bridges ' contain axons from spinal cord and brain stem neurones. Under such experi- 
mental conditions, such axons are capable of a growth that approximates 1*5 cm in mice 
and 3 cm in rats, distances that are equal to or greater than the lengths of axons from 
many of these neurones in intact animals. 

This new experimental approach has several advantages that are important for the 
study of the origin, course, length and termination of regenerating axons: 

(i) because most of each peripheral nerve 'bridge' is located extraspinally, there is 
little risk that the HRP applied to the transected nerve to identify cells in the spinal 
cord and brain stem could reach the CNS by interstitial spread and label neurones 
spuriously; 

(ii) by selectively positioning the nerve ' bridges ', it is possible to direct the course of 
axons from and into specific regions of the CNS including the cerebral hemispheres 
(Benfey & Aguayo, 1981); 

(iii) the length of axonal growth can be determined by measuring the distance be- 
tween the level of HRP application and the labelled cell bodies; 

(iv) the terminations of regenerated axons can be visualized by anterograde labelling ; 

(v) because experimental animals are not paralysed and retain bowel and bladder 
function after this procedure, in contrast to the animals grafted after a complete spinal 
cord transection, their care and survival is greatly facilitated. 



DISCUSSION 

The failure of axons to regenerate as effectively in the mammalian CNS as in peri- 
pheral nerves has been attributed to several mechanisms including a primary inability 
of CNS neurones to support the regrowth of their processes, early synapse formation 
with other neurones (Bernstein & Bernstein, 1971), a blocking effect of the astrocytic 
and connective tissue scar (Windle, 1956), autoimmunity (Berry & Riches, 1974) and 
differences between the blood-brain and blood-nerve barriers (Kiernan, 1979). With- 
out excluding the possibility that these mechanisms are operative, our approach has 
been to investigate the general conditions that influence the axons of CNS neurones 4 
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Fig. 2. Cross-section of a peripheral nerve graft at die mid point between the brain stem and 
spinal cord. The axons are normally ensheathed by Schwann cells and myelin (light micro- 
graph, x 1060). 

Fig. 3. Two labelled neurones in the nucleus reticularis lateralis are seen in the medulla after 
HRP was applied to the caudal end of the graft, 30 mm from the brain stem (dark field micro- 
graph, x 530). 
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Fig. 4. Diagrams illustrating the position of HRP labelled neurones in (A) medulla and '(B) 
spinal cord after HRP application to the graft. 

elongate in vivo. Our experiments have demonstrated that while PNS axons with a 
known capacity to regenerate fail to elongate in a GNS glial environment (Aguayo 
et al. 1978), the axons from intrinsic CNS neurones will grow into segments of peri- 
pheral nerves (Richardson et al. 1980; David & Aguayo, 1981; Benfey & Aguayo, 
1981). The studies of peripheral nerve 'bridges' (David & Aguayo, 1981) also indicate 
that axons in the injured CNS are able to elongate for unprecedented distances 
within such peripheral nerve grafts. Although regenerating axons only penetrate 
damaged CNS tissues for short distances, it would appear that glial cells within the 
denervated CNS remain responsive to the influences of regenerating axons and are 
capable of producing myelin (Aguayo et al. 1978 ; Weinberg & Spencer, 1979). 
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Several questions raised by these studies of CNS regeneration in the adult mam 
malian CNS require further exploration: 

(i) Do the axons that elongate within the PNS grafts originate by regrowth of 
damaged CNS fibres, by sprouting from uninjured nerve cells or by both mechanisms? 

(ii) Are different neuronal populations capable of the same regenerative responses? 
It is not known if the neurones that have been identified in these experiments repre- 
sent a special group of cells or if they are examples of a general rule that applies to all 
neurones. 

(iii) Are long pathways, such as the cortiocospinal tract, capable of axonal regrowth? 

(iv) Are regenerating axons able to establish functional synaptic connections with 
neurones in the limited areas of the CNS they penetrate. 

(v) Are specific chemical substances and/or the surface properties of axons and glia 
responsible for the differences in axonal regeneration in the peripheral and central 
neural environment? 

If the conclusion that interactions between neurones and their glial environment 
play a determinant role in the failure of CNS regeneration is corroborated, the study 
of the molecular basis of these interdependencies may lead to experimental approaches 
aimed at the modification of neuronal and glial responses to CNS injury. If axons from 
CNS neurones are able to establish functional connections with cells in the target 
regions to which they have been directed, it may also be possible to devise experimental 
strategies that will permit selected populations of axons to bypass damaged CNS 
tissues and connect with specific groups of neurones at a distance. 
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of these axons was obtained by the application of HRP to the transected graft 5 mm away from 
the surface of the neuraxis. 
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In adult mammals, injured neurons regenerate extensively 
within the PNS but poorly, if at all, within the CNS. We have 
studied the effect of substrata consisting of tissue sections 
from various nervous systems on nerve fiber growth in cul- 
ture and correlated our results with the growth potential of 
these tissues in vivo. Ganglionic explants from embryonic 
chicks (9-12 d) fail to extend nerve fibers onto sections of 
adult rat optic nerve or spinal cord (CNS) but do so on sciat- 
ic nerve (PNS). Dissociated DRG neurons behave similarly 
whether in serum-containing or defined medium. Tissue 
substrata from nervous systems that support regeneration 
in vivo— i.e., goldfish optic nerve, embryonic rat spinal cord, 
degenerating sciatic nerve— also support fiber growth in 
culture. Within the same culture, neurons will grow onto 
sciatic nerve rather than neighboring optic nerve sections, 
suggesting that the responsible agent(s) is not soluble. In 
addition, neurons adhere more extensively to sciatic nerve 
substrata than to optic nerve. The occurrence of 3 mole- 
cules known to be involved in neuron-substratum adhesion 
and nerve fiber growth in vitro has been documented im- 
munocytochemically in the tissue sections. One of these, 
laminin, is demonstrable in all tissues tested that supported 
nerve fiber growth. ImmunoreactivrrJes for fibronectin and 
heparan sulfate proteoglycan are found in only some of these 
tissues. None of these 3 molecules can be demonstrated in 
neural cells of normal adult rat CNS tissue. Our data suggest 
that these molecules may be important effectors of nerve 
regeneration in neural tissues. 

Following trauma to the CNS of adult mammals, nerve fiber 
growth is meager and functional recovery correspondingly poor. 
In contrast, neurons of the PNS may extend nerve fibers for 
many centimeters, reconnecting more or less accurately with 
their targets. Aguayo and coworkers have shown that some ax- 
otomized CNS neurons have the capacity to regenerate their 
axons for considerable distances into peripheral nerve grafts 
(Richardson et aL, 1980; David and Aguayo, 1981; Aguayo, 
1985). Moreover, neither PNS (Nathaniel and Pease, 1963; Na- 
thaniel and Nathaniel, 1973; Aguayo et aL, 1979) nor CNS 
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neurons are able to elongate into the adult CNS. Taken together, 
these data suggest that heterogeneity in the microenvironment 
of CNS and PNS neurons is largely responsible for their dis- 
parate response to axotomy. 

Hypotheses regarding the molecular basis of axonal regen- 
eration are often grounded in observations made on nerve fibers 
growing in culture. Cultured neurons require 2 major environ- 
mental influences to elaborate nerve fibers, growth factors 
(reviewed by Berg, 1984) and a properly adhesive substratum 
(Letourneau, 1975; Greene and Tischler, 1976). NGF, the best- 
known of the growth factors, is required for the survival and 
growth of dorsal root ganglion (DRG) and sympathetic neurons 
in vivo as well as in culture (reviewed by Greene and Shooter, 
1980). Other growth factors have been identified (Collins, 1978; 
Barde et aL, 1982), but their function in vivo has not been 
described. 

Several adhesive molecules mediate the attachment of neu- 
rons to culture substrata in addition to supporting nerve fiber 
growth (Letourneau, 1975; Akers et aL, 1981; Baron van Ev- 
ercooren et aL, 1982; Carbonetto et aL, 1 982; Manthorpe et aL, 
1983; Rogers et aL, 1983; Rauvala, 1984; Smalheiser et aL, 
1 984). Three of these, the adhesive proteins laminin, fibronec- 
tin, and collagen, are components of the extracellular matrix of 
the nervous system and may function in vivo as effectors of 
nerve fiber growth. For fibronectin (Carbonetto et aL, 1 983) and 
laminin (Edgar et aL, 1984) growing nerve fibers interact with 
a discrete region of the protein, as might occur during ligand 
receptor binding. Interestingly, laminin alone can mimic some 
of the trophic properties of NGF (Edgar et aL, 1984; Davis et 
aL, 1985; Lander et aL, 1985), suggesting that this large mul- 
tifunctional molecule has domain(s) that are neurotrophic and/ 
of adhesive for cells. The function of these adhesive proteins 
during nerve regeneration in vivo has not been tested. 

This paper describes our attempts to analyze some of the 
environmental influences within the nervous system affecting 
nerve fiber growth. In our studies, neurons were cultured on 
sections of neural tissues from PNS or CNS. The neurons failed 
to extend nerve fibers on tissue substrata from adult rat CNS 
(optic nerve, spinal cord), whereas extensive nerve fiber growth 
occurred on tissue from PNS (sciatic nerve). In addition, goldfish 
optic nerve and embryonic rat spinal cord, which support nerve 
fiber growth in vivo, did so in our culture system. The difference 
in the growth of neurons on these tissue substrata appears to 
reflect the inactivity or absence of adhesive molecules in the 
adult mammalian CNS tissues. Several extracellular matrix 
(ECM) components, mentioned above (laminin, fibronectin, he- 
paran sulfate proteoglycan), that are demonstrable immunocy- 
tochemically in the PNS are essentially absent in the adult CNS. 
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Figure 2. Nerve fiber growth by DRG explains on CNS and PNS tissue 
substrata. Chick DRGs were seeded onto substrata as in Figure 1. Only 
ganglia directly attached to tissue sections were included in this analysis. 
The ordinate shows the percentage of those ganglia evaluated that grew 
minimally, moderately, or extensively (see Materials and Methods). 
Number of ganglia evaluated: sciatic nerve, n = 86; spinal cord, n =» 
18; optic nerve, « = 63, 



Our data suggest that adhesive molecules within the ECM may 
be important determinants of nerve fiber growth in culture and 

in vivo. 

Materials and Methods 

Preparation of tissue substrata. Adult and embryonic Sprague-Dawley 
rats (Charles River), fertilized chicken eggs, and mature goldfish (sup- 
plied by Dr. R. Levine, McGill University) were used throughout this 
study. Adult rats were sacrificed by an overdose of chloral hydrate and 
perfused through the heart with PBS (0.1 m, pH 7.2). Segments of optic 
nerve, spinal cord, and sciatic nerve were excised. In all cases, sciatic 
nerves were desheathed and optic nerves and spinal cord freed of men- 
inges. In experiments with injured PNS and CNS tissues, substrata were 
prepared from rats that had optic and sciatic nerve transections per- 
formed unilaterally under chloral hydrate anesthesia. Degenerating nerves 
were excised and used 5-1 0 d later. The tissue was then mounted, frozen 
in liquid nitrogen, and either stored at -70°C or cut into sections on a 
cryomicrotome. Sections were mounted onto round coverslips (1 5 mm 
in diameter) of glass or tissue culture plastic (Thermanox, Lux) that had 
been coated overnight with polylysine (1 mg/ml in borate buffer, pH 
9). Prior to use, these substrata were sterilized by brief uv irradiation 
and washed extensively in culture medium. 

Preparation of neuronal cultures. For most of our experiments, cul- 
tures of ganglionic explants from DRG or sympathetic ganglia were 
prepared from 9-12 d chick embryos by conventional methods (Car- 
bonetto and Fambrough, 1978). Cells were cultured either in Dulbecco's 
Minimum Essential Medium (DMEM) plus 10% fetal calf serum cy- 
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Figure 3. Nerve fiber growth onto sciatic nerve and optic nerve tissue from distant ganglia, Ganglia generally grew extensively on the polylysine- 
coated plastic, producing a halo of fine nerve fibers that by 2 d in culture were essentially free of non-neuronal cells. A, These fibers approached a 
section of optic nerve and grew along the periphery of the section but did not grow onto the section. Calibration bar, 0.5 ram. B, Ganglia distant 
from sections of sciatic nerve grew extensively on the culture plastic and onto the tissue substrata. Calibration bar, 0.25 mm. 



tosine arabinoside (20 /im), and gentamicin or in defined medium (Bot- 
tenstein and Sato, 1978). Unless noted, all media contained NGF (50 
ng/ml). Cultures of dissociated cells enriched for neurons (>80% neu- 
rons) were prepared by briefly treating ganglia with trypsin, triturating 
them, and plating the dissociated cells on petri dishes coated with serum. 
During this preplating step non-neuronal cells (fibroblasts and glia) pref- 
erentially adhere to the culture substratum and the cells enriched for 
neurons can be harvested by simply shaking the dish and aspirating the 
medium. PC12 cells were maintained as described by Greene and Tis- 
chler (1 976) and treated with NGF for approximately 6 d before seeding 
onto tissue substrata. Ganglionic explants or dissociated cells (2 x 10 s 
cells/ml) were seeded onto coverslips coated with tissue sections (100- 
200 /J/coverslip) placed in 35 mm culture dishes. Cultures were fed the 
following day with fresh medium and maintained for 2-5 d to allow 
nerve fiber growth. 

Quantification of neuron-substratum adhesion and nerve flier growth. 
Neuronal somata or nerve fibers from ganglionic explants located di- 
rectly on tissue sections could not be reliably visualized in living cul- 
tures. To quantify neuronal adhesion and nerve fiber growth, the cultures 
were washed with DMEM, fixed with paraformaldehyde (4% in 0.1 m 
phosphate buffer, pH 7.2), rinsed in PBS, and stained with Coomassie 
Blue (0.1% in 10% acetic acid, 25% propanol) for 4 min. Following 
staining, nerve fibers were easily visible on tissue sections, as were any 
non-neuronal cells. 

Neuron substratum adhesion was quantified by seeding DRG cells 
enriched for neurons and counting the somata that attached to tissue 
sections. The cell density was determined by counting the total number 
of cells attached per substratum and measuring the surface area of the 
tissue substrata with an IBAS image analyzer (Zeiss). 

Nerve fiber growth from ganglionic explants was separated into 2 
categories: (1) growth from ganglia attached to and growing directly on 



top of tissue substrata or (2) growth from ganglia attached to the culture 
plastic at some distance from the tissue and subsequently growing onto 
it In the first category, nerve fibers that grew a distance of about 1 
diameter of the ganglion were considered to be growing minimally. Less 
than this distance was considered negligible growth, and more than this 
was moderate (approximately 2 diameters of the ganglion) or extensive 
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Figure 4. Nerve fiber growth onto CNS and PNS tissue substrata from 
DRGs distant from the tissue. Cultures were prepared as in Figure 3. 
Only ganglia not in contact with tissue sections and clearly growing 
fibers were included in this analysis. The ordinate gives the percentage 
of ganglia growing on the culture plastic that grew minimally, moder- 
ately, or extensively on the tissue. Number of ganglia: sciatic nerve, n 
65; spinal cord, n = 18; optic nerve, n - 36. 
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growth (more than 2 diameters of the ganglion). In the second category, 
growth onto the tissue substrata from distant ganglia was quantified as 
minimal (< 1 0 fibers on the tissue), moderate {10-50 fibers on the tissue), 
or extensive (>50 fibers on the tissue). For culture of dissociated neu- 
rons, individual neurons and all aggregates extending nerve fibers on 
the tissue were summed, and neuronal growth was expressed as a per- 
centage of the total number of aggregates attached to the tissue substrata. 
Data were analyzed for statistical significance by comparing means di- 
rectly for the least significant difference (Steel and Tonie, 1980). 

Immunocytochemistry. For immunocytochemical localization of ex- 
tracellular matrix components (larninin, fibronectin, heparan sulfate 
proteoglycan), rats were perfused with 4% paraformaldehyde and the 
tissues of interest excised. The tissue was sectioned (10 urn) on a cryostat 
as in preparing tissue substrata. Sections were then preincubated for 30 
min in 3% albumin in PBS and subsequently incubated overnight with 
affinity-purified antibodies to horse serum fibronectin, and antisera to 
EHS iaminin and to heparan sulfate proteoglycan (a gift from Dr. John 
Hassel, NTH). The antibodies were thoroughly washed free from the 
tissue, the sections incubated with FTTC-conjugated goat anti-rabbit 
IgG (Cappel), thoroughly washed again in PBS, and mounted in Tris- 
buffered glycerol (pH 9). 

Results 

Nerve fiber growth by ganglionic neurons on adult rat sciatic 
nerve, optic nerve, and spinal cord 

Explains of DRG or sympathetic ganglia attached to substrata 
of sciatic nerve, optic nerve, or spinal cord from adult rats. Once 
attached to sciatic nerve sections, the ganglia extended a halo 



of nerve fibers onto the tissue and surrounding culture plastic 
(Figs. IB, 2). In contrast, ganglia attached to optic nerve or 
spinal cord substrata grew poorly, if at all, on the CNS tissue 
(Fig. IA). For example, 66% (« = 68) of the ganglia on sciatic 
nerve grew moderately compared with none on optic nerve 
(n = 63) (Fig. 2). 

Ganglionic explants contain non-neuronal cells (Schwann cells 
and fibroblasts) as well as neurons. These non-neuronal cells are 
known to stimulate nerve fiber outgrowth from neurons attached 
to them (Luduena, 1973), as well as from neurons placed on 
substrata coated with materials they produce (Helfand et al., 
1976; Collins, 1978; Hawrot, 1980). This raises the possibility 
that the tissue sections are acting indirectly, through ganglionic 
non-neuronal cells, to affect nerve fiber growth. To examine this 
possibility we analyzed the growth of ganglionic explants at- 
tached to the culture plastic distant from the tissue sections. In 
these experiments, cytosine arabinoside in the medium inhib- 
ited cell division and the halo of nerve fibers extending from 
ganglia was largely free of non-neuronal cells (Fig. 3) (Wood, 
1976). Of the ganglia growing to contact sciatic nerve, more 
than 72% (n = 65) grew at least minimally onto the tissue 
substratum (Figs. IB, 4). In comparison, 98% of the ganglia 
(n = 36) that had fibers contacting sections of optic nerve and 
78% of those contacting spinal cord (n = 18) showed no growth 
onto the tissue. In several instances nerve fibers were found to 
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grow on the periphery of the CNS tissue (Fig. 3.4), as if growing 
on the residual connective tissue sheath. Culturing DRG cells 
in serum-free medium (Bottenstein and Sato, 1978) yielded the 
same results: growth on PNS (sciatic nerve) but not on CNS 
(optic nerve) substrata. Thus, neither non-neuronal cells or their 
products nor serum components such as fibronectin appear to 
modify tissue substrata such that growth results only on PNS 
substrata. 

The pattern of nerve fiber growth on the culture coverslip but 
not on the optic nerve substratum nearby suggests a local effect 
rather than one produced by factors diffusing some distance 
from the tissue. For example, outgrowth from ganglionic areas 
adjacent to sciatic nerve sections was not obviously more ex- 
tensive than from regions of the ganglia away from the section. 
Similarly, fibers from ganglia near optic nerve grew to contact 
the tissue before growing around it (Fig. 3^4). To determine more 
directly whether a diffusible agent(s) might be responsible for 
the growth of DRG explants on sciatic nerve but not CNS, 
ganglia were cultured on coverslips between sections of optic or 
sciatic nerve. Among those that grew to contact both PNS and 
CNS substrata (« = 23), 70% (8 minimal growth, 8 moderate 
growth) showed a marked preference for sciatic nerve (Fig. 5). 
In no case was there any growth on optic nerve. In a smaller 



sample where ganglia were given a "choice" of spinal cord or 
sciatic nerve, 75% of the cases showed growth on sciatic nerve 
with none on spinal cord (n = 4). 

The growth of these distant ganglia whose nerve fibers are 
free of non-neuronal cells onto sciatic but not optic nerve is 
consistent with the hypothesis that the fibers are responding to 
the tissue sections themselves and not to factors produced by 
non-neuronal cells (see Discussion). Moreover, the pattern of 
outgrowth of ganglia placed between optic and sciatic tissues 
suggests that this effect is not mediated by a diffusible sub- 
stance(s) but by direct neuron-substratum contact. 

Dissociated neurons: adhesion to and growth on sciatic nerve 
and optic nerve substrata 

Ganglionic explants are covered by a capsule of connective tis- 
sue that is difficult to remove and probably restricts outgrowth 
from regions of ganglia or inhibits growth entirely (approxi- 
mately 10-25% of our ganglionic explants failed to extend pro- 
cesses on any substratum). By preparing enriched cultures of 
DRG and sympathetic neurons it was possible to avoid the 
limitations resulting from the encapsulating connective tissue 
and the variability of fiber outgrowth from ganglia. Dissociated 
DRG neurons behaved qualitatively the same as explanted gan- 
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Figure 7. Quantification of attachment and growth of dissociated DRG 
neurons on sections of optic and sciatic nerves. The ordinate gives the 
mean density of cells and cell-aggregates attached to the sections and 
extending nerve fibers onto them. 



glia, growing on sciatic nerve substrata but not on optic nerve. 
Although seeded as single cells, the neurons often aggregated 
into small clumps on the tissue substrata (Fig. 6). By 2 d in 
culture there were fewer cells attached to optic nerve substrata 
than to sciatic nerve (Figs. 6, 7), and the outgrowth of nerve 
fibers was much greater on sciatic nerve than on optic nerve 
(8.7 aggregates/mm 2 on sciatic nerve vs 0.4 aggregates/mm 2 on 
optic nerve). Often the pattern of growth in these cultures ap- 
peared to follow the longitudinal axis of the sciatic nerve (Fig. 
6B). 

The reduced number of cells attached to the optic nerve sec- 
tions could have arisen either from diminished adhesion or 
enhanced detachment of neurons from optic nerve. Cultured 
cells are well known to adhere selectively to culture substrata 
and other cells. Neurons in culture will also detach selectively 
from other cells (Ruffolo et al., 1 978). The kinetics of attachment 
of DRG cells to sciatic nerve and optic nerve substrata (Fig. 8) 
indicated that even by 1 hr attachment to sciatic nerve was 
significantly greater than to optic nerve and this attachment 
increased monotonically over the next 4 hr. There was no evi- 
dence for selective detachment of cells from optic nerve that 
could be responsible for the 7-fold difference between the num- 
ber of cells attached to sciatic nerve and to optic nerve. 

Other sources of neurons and tissue substrata 
It is well known that culture plastic coated with basic polyami- 
noacids such as polylysine or polyornithine facilitate neuron- 
substratum adhesion (Fig. 3) (Letourneau, 1975). However, 
polylysine would not be expected to serve as a substratum for 
nerve fiber growth in vivo since it is not likely to be present on 
the surfaces of neural cells. Nevertheless, the robust effects of 
polylysine-coated substrata in supporting nerve fiber growth 
caution that molecules only partially related or entirely distinct 
from those operating in vivo may stimulate fiber growth in cul- 
ture. With this in mind, we examined the effects of CNS and 
PNS tissues from a variety of sources to correlate their known 
efficacy at supporting nerve fiber growth in vivo with that in 
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Figure 8. Kinetics of DRG cell attachment to substrata of optic nerve 
and sciatic nerve. DRG cells enriched for neurons were seeded onto 
substrata of sciatic nerve (•) or optic nerve (A). At times indicated along 
the abscissa cultures were removed from the incubator, washed gently 
with HBSS, and fixed. The number of attached cells was quantified by 
light-microscopic observation (see Materials and Methods). The error 
bars are shown where they are larger than the symbol and represent the 
SEM. The number of attached cells counted ranged from 8/culture (optic 
nerve at 10 min) to 629/culture (sciatic nerve at 24 hr). 

culture. Like adult optic nerve, spinal cord from adult rats sup- 
ported dramatically less nerve fiber growth from dissociated 
neurons than did sciatic nerve (Figs. 9 A 10), thus ronfiiming 
results obtained with whole ganglia (see Fig. 1A). However, 
substrata of spinal cord tissue from 14 and 16 d embryonic rats 
supported extensive fiber growth in culture, approaching that 
of sciatic nerve (Figs. 9C, 10). On substrata of optic nerve from 
mature goldfish substantially less nerve fiber growth was ob- 
served than on either sciatic nerve or embryonic spinal cord 
sections but there was significantly more than on adult rat spinal 
cord (Figs. 9B, 10). Substrata of degenerating rat sciatic nerve 
(Fig. 9A) were also effective for fiber growth but not obviously 
more so than normal sciatic nerve (Fig. 62?). In conclusion, 
several substrata from nervous tissue (sciatic nerve, embryonic 
spinal cord, goldfish optic nerve) that support nerve fiber growth 
in vivo also support significant growth of DRG neurons in cul- 
ture. Other substrata (adult rat optic nerve and spinal cord) that 
support little fiber growth in vivo support correspondingly little 
growth in culture. This correlation of activity in vivo with that 
in culture supports the notion that molecules residing in tissue 
substrata contribute to the control of nerve fiber growth in vivo. 
Moreover, the growth of neurons on rat sciatic nerve but not 
on optic is not restricted to DRG neurons. Similar results were 
found with explants of embryonic chick sympathetic ganglia, 
dissociated sympathetic neurons, and PCI 2 cells (data not 
shown). 

Immunocytochemical localization of extracellular matrix 
components in PNS and CNS substrata 
Regenerating nerve fibers in vivo are often found in close ap- 
position to basement membranes (Ide et al., 1983). Among the 
molecular constituents of basement membranes, fibronectin 
(Akersetal, 1981; Carbonetto et al., 1982; Rogers etal., 1983), 
Type IV collagen (Carbonetto et al., 1983), laminin (Baron van 
Evercooren et al., 1982; Manthorpe et al., 1983; Rogers et al., 
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Figure 9. Nerve fiber growth on various neural tissue substrata. A, Extensive nerve fiber outgrowth occurred on sections of degenerating rat sciatic 
nerve, as it did on normal nerve (see Fig. 6B). Note that in both cases the general pattern of nerve fiber outgrowth followed the long axis of the 
nerve. B. Nerve fiber outgrowth (arrow) was also observed on sections of goldfish optic nerve, although it was much less extensive than on rat 
PNS tissue. C, Dissociated DRG neurons also readily extended long, thin processes on sections of embryonic ( 1 6 d) rat spinal cord. D, In comparison, 
fiber outgrowth was virtually absent on adult rat spinal cord, except in rare instances (arrow). Scale bar in D represents 100 jun and applies to all 
micrographs. 
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Figure 1 0. Quantification of fiber growth on various neural tissue sub- 
strata. Dissociated DRG neurons were seeded onto substrata (3 cultures 
each) of the following tissues: rat sciatic nerve (S.N.), spinal cord from 
14 d embryonic rats {Emb.Sp.C), goldfish optic nerve (F.O.N.), and 
adult rat spinal cord (Ad.Sp.C). After approximately 2 d the cultures 
were fixed and the number of attached cells {open bars, left ordinate) 
and neurons growing nerve fibers were counted {shaded bars, right or- 
dinate). The numbers of attached cells counted ranged from 220 to 738/ 
culture. The number of neurons growing nerve fibers counted ranged 
from 49 to 528/culture. Sciatic nerve and embryonic spinal cord (p < 
0.001), as well as fish optic nerve (p < 0.05), were significantly better 
substrata for nerve fiber growth than adult spinal cord sections. 



1983; Smalheiser et al., 1984; Lander et al., 1985), and heparan 
sulfate proteoglycan (Culp et al., 1980) have all been implicated 
in neuron substratum adhesion and/or nerve fiber growth. Since 
our studies indicate that neurons adhere less well to CNS than 
to PNS tissues, we sought to localize immunocytochemicaUy 
some of these ECM components in our tissue substrata (Fig. 
11). 

Immunoreactivities for laminin, heparan sulfate proteogly- 
can, and fibronectin were readily detected in normal and de- 
generating sciatic nerves. Laminin and heparan sulfate proteo- 
glycan were clearly restricted to a thin layer in the endoneurium, 
most probably the basement membrane. Fibronectin appeared 
more diffuse in the endoneurium and perineurium. None of 
these ECM components could be found within the optic nerve 
or spinal cord of adult rats, except in the external connective 
tissue layer and in the basement membranes of blood vessels. 
Interestingly, in 14 and 16 d embryonic spinal cord, striking 
differences were observed in the staining patterns of these var- 
ious antigens. Laminin was present almost throughout the tissue 
surrounding neuroepithelial cells, whereas fibronectin and he- 
paran sulfate proteoglycan were largely restricted to the con- 
nective tissue and vascular components, as in adult CNS tissue. 
Laminin was also detectable in fish optic nerve, localized in 
septa partitioning nerve bundles, but more diffusely than in the 
basal lamina of peripheral nerve. Low but detectable levels of 
fluorescence for fibronectin and heparan sulfate proteoglycan 
were also found in punctate and fibrillar distributions in the fish 
optic nerve. Identical localizations for all these antigens were 
found in tissue sections used as culture substrata for 2 d, indi- 
cating that these molecules persist in culture and are likely avail- 
able to interact with nerve fibers. 

Discussion 

The purpose of our studies was to explore in vitro the properties 
of neural tissue with regard to its ability to support nerve re- 



generation. The approach we have taken, using sections of neural 
tissues as culture substrata, was prompted by 2 sets of experi- 
ments. First, Ide and coworkers (1983) reported that freeze- 
thawed peripheral nerves grafted into the CNS of adult rats 
supported some nerve fiber growth. Second, Schwab and Thoe- 
nen (1985) described the first system of cultured sciatic and 
optic nerve wherein axons from cultured neurons grew prefer- 
entially into explants of the PNS tissue. Indeed, our work should 
be viewed as an extension of that of Schwab and Thoenen (1985), 
as well as that of Sandrock and Matthew (1985), who reported 
a culture system apparently identical to the one we have de- 
scribed here. This culture system uses sections of neural tissue, 
rather than organ-cultured optic and sciatic nerves (Schwab and 
Thoenen, 1985), as substrata for embryonic neurons. This 
method allows direct visualization of nerve fiber growth on the 
tissues at the light-microscopic level without resort to light- or 
electron-microscopic analysis of sectioned material. Substantial 
nerve fiber growth can be seen in 1-2 d, rather than several 
weeks, and the fiber growth is easily quantified following fixation 
and staining with Coomassie Blue (Materials and Methods). In 
addition, the substrata of tissue sections on glass or plastic cov- 
erslips are easy to prepare and neurons can be given a choice 
of CNS or PNS substrata (Fig. 5) without constructing 3-cham- 
ber culture vessels (Campenot, 1977; Schwab and Thoenen, 1985). 

Our data are in substantial agreement with those of Schwab 
and Thoenen (1985) and Sandrock and Matthew (1985). We 
find that nerve fiber growth is significantly greater on PNS tissue 
than on adult CNS tissue. Additionally, we show that several 
neural tissues that support nerve fiber growth in vivo (normal 
and degenerating rat sciatic nerve, embryonic rat spinal cord, 
fish optic nerve) also support growth of cultured neurons. Neural 
tissues that do not support fiber growth in vivo (adult rat optic 
nerve and spinal cord) also support little growth in culture. The 
observed difference between CNS and PNS substrata does not 
appear to be due to a diffusible agent(s) released from the tissue 
(Schwab and Thoenen, 1985) but rather to a local effect of the 
tissue. We believe this local effect requires contact of the neurons 
with the tissue and is manifest in the greater adhesion of DRG 
cells to sciatic nerve than to optic nerve. 

It is important to consider whether neurons interact directly 
with the tissue substrata and not with other cultured cells, then- 
products, or the constituents of the culture medium. In our 
studies, ganglionic explants produce halos of axons essentially 
devoid of non-neuronal cells, which nevertheless grow onto sec- 
tions of sciatic nerve but not optic nerve. This suggests that 
sciatic nerve sections do not act through non-neuronal cells to 
stimulate nerve fiber growth. Furthermore, growth of neurons 
in serum-free medium suggests that fibronectin or other serum 
components that can mediate fiber growth are not binding to 
sciatic nerve sections so as to enhance fiber growth. However, 
we cannot eliminate the possibility that the cells themselves 
produce some molecules that attach preferentially to sciatic nerve 
to stimulate growth. Even though we see differential adhesion 
to sciatic and optic substrata within 1-2 hr, the cells might, in 
that brief period, be modifying the substrata. 

The simplest explanation for the growth of nerve fibers on 
PNS, but not CNS, substrata is that a single, positive effector 
of growth is present in sciatic nerve but not in optic nerve. 
Alternatively, there may be a mix of negative (Schwab and 
Thoenen, 1 985) and positive effectors in optic nerve and sciatic 
nerve, respectively. Sandrock and Matthew (1985) reported that 
a monoclonal antibody that binds to a heparan sulfate proteo- 
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Figure 1 1. Immunocvtochemistry of laminin (LAM), fibronectin (FN), and heparan sulfate proteoglycan (HS) in longitudinal sections of adult 
rat sciatic nerve (SN), rat embryonic {14.5 d) spinal cord (ESQ, and mature goldfish optic nerve (FON). LAM, FN, and HS immunoreactivities 
are all found in saatic nerve sections, located in the endoneurial extracellular matrix, fluorescence for FN being somewhat stronger in the perineurium 
(arrow in FN/SN). Strong immunoreactivity for LAM is also found around most cells of the rat embryonic spinal cord (LAM/ESC) and is present 
as well m the fish optic nerve (LAM/FON), although its cellular localization is more difiuse. In contrast, FN and HS immunoreactivities in embryonic 
S^ 0 ?- , ( Q f re , res,ricte d "> connective tissue (arrowheads) and blood vessels (arrows), as in the adult (not shown). The fish optic nerve 
(FON) displays only low levels of FN and HS immunoreactivities, in punctate and fibrillar forms: Scale bar in HS/ESC represents 50 wn and 
applies to all TP ir " rrxrrnir * v * c 
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glycan in the ECM of sciatic nerve inhibits nerve fiber growth 
on sciatic nerve sections. If this antibody inhibits the activity 
of a single species of molecule, then there is only one positive 
effector. However, the mode of action of this antibody appears 
to involve binding to a heparan sulfate proteoglycan-laminin 
complex in an as yet undescribed manner. Thus, the number 
and identity of the positive effectors) and of the negative one(s), 
if any, remain to be detailed. 

In keeping with observations made by others (Schachner et 
al., 1978; Paetau, 1980; Cornbrooks et al., 1983; Laurie et al., 
1983), laminin, fibronectin, and heparan sulfate proteoglycan 
can be immunocytochemically identified in the endoneurium 
of sciatic nerve. These antigens are much less prominent in adult 
rat CNS. The distribution of fibronectin and heparan sulfate 
proteoglycan was essentially the same in the embryonic and 
adult rat tissues, i.e., absent throughout the brain and restricted 
to vascular and connective tissue basement membranes. In con- 
trast, a high level of laminin immunoreactivity is found around 
most cells of the spinal cord of rat embryos (14-16 d). Similarly, 
laminin is readily visualized in goldfish optic nerve (Hopkins 
et al., 1 985; Liesi, 1 985b), while fibronectin and heparan sulfate 
proteoglycan are present in low but detectable levels. Thus, 
laminin is demonstrable in all of the tissue substrata that support 
nerve fiber growth. 

The laminin distribution we found in the embryonic rat spinal 
cord and goldfish optic nerve is very similar to that reported by 
Liesi for embryonic rat brain (1985a) and goldfish optic nerve 
(1985b). Others have failed to detect laminin immunohisto- 
chemically in embryonic rat brain and spinal cord (Bignami et 
al., 1984) or in the developing chick CNS (Rogers et al., 1986). 
These discrepancies may result from differences in fixation pro- 
cedures, antisera, embryonic age, etc. Alternatively, our antisera 
to laminin may be cross-reacting with other molecules. ECM 
components are well known to copurify (Bayne et al., 1984), 
which presents difficulties in producing monospecific antisera 
to them. It is noteworthy that we have found the same distri- 
bution of laminin with 2 different antisera, one commercial 
(Bethesda Research Labs) and one produced by ourselves. The 
latter is highly specific for laminin and does not cross-react with 
fibronectin or collagen (S. Carbonetto, unpublished observa- 
tions). We are presently producing monoclonal antibodies to 
laminin, which should help considerably in resolving this im- 
portant point concerning the distribution of laminin in embry- 
onic CNS. 

Our studies have focused on the adhesive proteins of the ECM 
(laminin, fibronectin, heparan sulfate proteoglycan). Another 
class of adhesive molecules (cell adhesion molecules, or CAMs) 
also affects nerve fiber growth (Rutishauser et al., 1978) and 
could be involved in the growth of nerve fibers on our nerve 
tissue substrata. However, we see little growth on CNS tissue, 
which, like PNS, has NCAM and NgCAM (reviewed by Edel- 
man, 1984). To a first approximation, this suggests that CAMs 
are not involved in the differential growth of fibers on these 
tissues. 

The amounts, forms, and distribution of adhesive proteins in 
the ECM of the nervous system are important determinants of 
a neuronal microenvironment's ability to support nerve fiber 
growth, as shown by a number of culture experiments and by 
correlative studies in vivo (discussed above). However, it is like- 
ly that regeneration of nerve fibers in vivo is multifactorial. 
Consider that some CNS neurons fail to regenerate into PNS 
grafts in adult rats (Aguayo, 1985). The presence in PNS, but 



not in CNS, sections of ECM molecules mediating neuron- 
substratum adhesion suggests to us that the failure of nerve fiber 
growth within the adult CNS microenvironment results, in part, 
from its unsuitability as an adhesive substratum for nerve fiber 
growth in vivo. 
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Neurotrophic Factors and Neurologic Disease 

DAVID M. HOLTZMAN, MD, and WILLIAM C. MOBLEY, MD, PhD, San Francisco, California 

Discovered only 40 years ago, nerve growth factor is the prototypic neurotrophic factor. By binding 
to specific receptors on certain neurons in the peripheral nervous system and brain, nerve growth fac- 
tor acts to enhance their survival, differentiation, and maintenance. In recent years, many additional 
neurotrophic factors have been discovered; some are structurally related to nerve growth factor while 
others are distinct from it. The robust actions of neurotrophic factors have suggested their use in pre- 
venting or lessening the dysfunction and death of neurons in neurologic disorders. We review the 
progress in defining neurotrophic factors and their receptors and in characterizing their actions. We 
also discuss some of the uses of neurotrophic factors in animal models of disease. Finally, we discuss 
how neurotrophic factors could be implicated in the pathogenesis of neurologic disorders. 
(Holtzman DM, Mobley WC: Neurotrophic factors and neurologic disease, In Neurology— From Basics to Bedside 
[Special Issue]. West J Med 1 994; 1 61 :246-254) 



Neurotrophic factors are polypeptides that exert their 
actions through binding and activating specific cell 
surface receptors. It is increasingly apparent that neuro- 
trophic factors have an important role in the growth, de- 
velopment, and maintenance of neurons in both the 
central and peripheral nervous systems. Evidence accu- 
mulated over the past few years points to the existence of 
a number of classes of neurotrophic factors and docu- 
ments their remarkable potency on responsive neurons 
(Table 1). These data are enhancing and accelerating ef- 
forts to apply neurotrophic factors to the treatment of hu- 
man neurologic disease. In this article we briefly discuss 
the neurotrophic factors most likely to be used in clinical 
studies in the near future. The structure and functions of 
these molecules and their receptors are reviewed. There- 
after we consider data from three experiments in which 
neurotrophic factors have been used in animal models of 
neurologic disease and the mechanisms by which neu- 
rotrophic factors may be implicated in neurodegeneration 
and its treatment. 

Neurotrophic Factors 

Nerve Growth Factor and 
the Neurotrophic 

The neurotrophic factors in the neurotrophin gene 
family consist of nerve growth factor (NGF), the best 
characterized member, brain-derived neurotrophic factor 
(BDNF), neurotrophin (NT)-3, and NT-4/5. Nerve growth 
factor was discovered by Levi-Montalcini and Hamburger 
in the late 1940s and early 1950s. They were examining 
the effect a target has on its innervating neural center and 



TABLE1 .—Neurotrophic Factors— A Partial listing 

■ .' . Abbreviation 



Neurotrophins ■ 

Nerve growth factor NGF 

Brain-derived neurotrophic factor BDNF 

Neurotrophin 3 NT-3 

Neurotrophin 4/5 NT-4/5 

Gliary neurotrophic factor CNTF 

Leukemia inhibitory factor UF 

Insulin and the insulinlike growth factors ICF-I 

IGF-II 

Tumor growth factor-0 family TGFB 

Glial cell line-derived neurotrophic factor CDNF 

Fibroblast growth factors FGM 

FGF-2 
FGF-5 

Epidermal growth factor... EGF 



discovered that a particular mouse sarcoma evoked dra- 
matic hypertrophy of innervating dorsal root ganglia and 
sympathetic ganglia. The authors noted substantial devia- 
tions from the normal pattern of embryonic development 
in the extent of ganglion hyperplasia, the involvement of 
ganglia distant from the site of the sarcoma, and the 
bizarre, excessive innervation of various viscera. 1 These 
findings led to the hypothesis that the neoplastic cells re- 
leased a soluble, diffusible agent that promoted the differ- 
entiation and growth of sympathetic and sensory neurons. 
This idea was supported in experiments in which the 
mouse sarcoma elicited the same effects when trans- 
planted onto the chorioallantoic membrane of chick em- 
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ABBREVIATIONS USED IN TEXT 

BDNF = brain-derived neurotrophic factor 
cDNA = complementary DNA 
CNTF = ciliary neurotrophic factor 
GAB A = 7-butyric acid 

GDNF = glial cell line-derived neurotrophic factor 

IGF-I, -II = insulinlike growth factors I, II 

IL-6 = interleukin-6 

LIF = leukemia inhibitory factor 

mRNA = messenger RNA 

NGF = nerve growth factor 

NT-3, -4/5 = neurotrophins 3, 4/5 



bryos, a location that allowed diffusion through the circu- 
lation but prevented direct contact between the sarcoma 
and developing tissue. 2 Levi-Montalcini and Hamburger 
called the diffusible agent nerve growth factor. They were 
later able to purify the material to homogeneity and dis- 
covered a rich source that permitted many subsequent in- 
vestigations on its biology and chemistry.' 

Nerve growth factor is a 1 18-amino acid polypeptide 
that acts on neurons in both the peripheral and central ner- 
vous systems. Responsive peripheral neurons include 
cells in the trigeminal sensory ganglion, dorsal root gan- 
glia, and paravertebral sympathetic ganglia. Nerve 
growth factor also acts on adrenal chromaffin cells. In the 
central nervous system, two populations respond robustly 
to NGF. These are the cholinergic neurons of the basal 
forebrain and those of the caudate putamen. 3 Nerve 
growth factor activates responsive cells through binding 
to specific receptors on their surface." One of these recep- 
tors is p75 NGF \ This glycosylated transmembrane protein 
binds NGF with low affinity. It appears to modulate NGF 
binding, but it is not yet clear how and to what extent it 
influences NGF signaling. 3 Another transmembrane gly- 
coprotein, trkA, serves as a receptor for NGF. The intra- 
cellular domain of trkA encodes a tyrosine kinase (Figure 
1). The binding of NGF to trkA causes it to dimerize; this 
activates its kinase and leads to autophosphorylation. Ac- 
tivating trkA kinase is necessary for transmitting the NGF 
signal. 44 Signal transduction is mediated through the 
phosphorylation of specific residues on trkA. These serve 
to bind and to activate other proteins, including phospho- 
lipase C--v and phosphatidylinositol 3-kinase. 6 -' The sig- 
naling cascade produced by NGF is continued by a 
number of events, including the activation of other ki- 
nases and the generation of second messengers. The de- 
tails of this cascade are only beginning to be discovered. 

In both the peripheral and central nervous systems, 
NGF is produced in the target of innervating neurons. 3 
There are clear examples where neurons have access to 
NGF mainly through contact with their targets. An inter- 
esting requirement imposed by this arrangement is the 
need to convey the NGF signal down the axon to the cell 
body. How this is achieved is not yet clear.' What is clear 
is that NGF signaling requires binding to trkA. In every 
case, NGF-responsive cells have been shown to bear trkA 
receptors. Thus, it appears that NGF produced in the tar- 
get of developing and mature neurons binds to trkA on 



the neurites of these cells to initiate or maintain trophic 
relationships. 

Brain-derived neurotrophic factor (BDNF) was dis- 
covered in 1982 as the culmination of a painstaking series 
of studies by Barde and colleagues.* It is a neurotrophic 
factor similar in structure to NGF. Indeed, the discovery 
of BDNF suggested the existence of a neurotrophin gene 
family. This neurotrophic factor is a 120-amino acid 
polypeptide that is 50% identical to NGF at the amino 
acid level. The sequence homology was used by several 
groups to isolate a third member of this family, neu- 
rotrophin 3 (NT-3),»- u and a fourth member, neurotrophin 
4/5 (NT-4/5). 14 -" Cells in the peripheral nervous system 
that are responsive to BDNF include sensory neurons in 
the nodose ganglion and a subpopulation of dorsal root 
ganglia neurons. Brain-derived neurotrophic factor also 
acts on trigeminal mesencephalic neurons. Its targets in 
the central nervous system include retinal ganglion neu- 
rons, hippocampal neurons, basal forebrain choliner- 
gic neurons, basal forebrain 7-aminobutyric acid (GABA)- 
ergic neurons, and GABAergic neurons of the ventral 
mesencephalon. 17,18 Recent studies have demonstrated that 
BDNF also acts on motoneurons." " This neurotrophic 
factor is found predominantly in the central nervous sys- 
tem, where it is most abundant in the adult. The highest 
levels of BDNF messenger RNA (mRNA) were found in 
the hippocampus, cortex, and cerebellum. 23 In situ hy- 
bridization histochemistry has localized BDNF mRNA to 
neurons in several brain regions. These include pyrami- 
dal, hilar, and dentate granule neurons of the hippocam- 
pus and neurons in the neocortex. 34 As with NGF, plS" 0 ™ 
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Figure 1— The diagram illustrates the trk receptors and their 
specificities for the neurotrophins — nerve growth factor (NGF), 
brain-derived growth factor (BDNF), and neurotrophin (NT>3 
and NT-4/5. Ligand binding induces dimerization and autophos- 
phorylation that activates signaling. The rale of the low-affinity 
NGF receptor (p75 NGre ), which binds to all of the neurotrophins, 
is uncertain. 
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serves as a receptor for BDNFand binds this neu- 
rotrophic factor with low affinity. Another member of the 
trk gene family, trkB, is the signaling receptor for BDNF 
(Figure 1). Transcripts of trkB are found in many central 
nervous system regions, including hippocampus, basal 
forebrain, neocortex, ventral mesencephalon, and in spi- 
nal cord motoneurons.'' 1 *^ 5 There is an important dis- 
tinction with respect to trkA and trkB: there are trkB 
transcripts that encode truncated proteins in which the 
tyrosine kinase domain is missing.' This finding raises 
the possibility that not all BDNF binding would lead to 
signaling. 

Neurotrophin 3 is the third member of the neuro- 
trophin family. Neurons responsive to NT-3 include cells 
in both the peripheral and central nervous systems. 
Among responsive peripheral cells are neurons of the dor- 
sal root ganglia and nodose ganglion and possibly the 
sympathetic ganglia. In the central nervous system, NT-3- 
responsive cells include neurons of the trigeminal mesen- 
cephalic nucleus, hippocampus, and dopaminergic and 
GABAergic cells in the ventral mesencephalon. 17 '* 2 * Mo- 
toneurons of the spinal cord also respond. 21 In the periph- 
eral nervous system, NT-3 mRNA is found in muscle. In 
the central nervous system, high levels of NT-3 mRNA 
are found in the hippocampus and cerebellum. Neu- 
rotrophin 3 mRNA has also been detected in the olfactory 
bulb, neocortex, diencephalon, midbrain, and spinal 
cord. 21,24 By in situ hybridization, NT-3 mRNA has been 
localized to neurons, 14 including embryonic motoneu- 
rons. 21,27 Like other neurorrophins, NT-3 binds to p75 NOFK . 
Interestingly, it acts by binding to yet another member of 
the trk family, trkC (Figure 1). Gene expression for trkC 
is widespread in the central nervous system, with high 
levels of trkC mRNA in the hippocampus, neocortex, and 
cerebellum. 2 ' Messenger RNA of trkC is also found in the 
ventral mesencephalon 18 and in motoneurons. 21 Like trkB, 
there are truncated and therefore presumably nonsignal- 
ing forms of trkC 

Neurotrophin 4/5 is the most recendy discovered mem- 
ber of the neurotrophin gene family. Cells in the periph- 
eral nervous system that are responsive to NT-4/5 include 
trigeminal, dorsal root ganglion, jugular, sympathetic, 
and nodose ganglion neurons. 17,2 ' In the central ner- 
vous system, hippocampal neurons and dopaminergic and 
GABAergic neurons of the ventral mesencephalon re- 
spond, 1 *' 2 * as do motoneurons. 21 Messenger RNA of NT- 
4/5 is found in muscle and other peripheral tissues 16 and 
in the central nervous system. The highest amounts in the 
central nervous system were found in pons or medulla, 
hypothalamus, thalamus, and cerebellum. 24 Neurotrophin 
4/5 is known to activate the trkB receptor (Figure 1). 

The discovery of NGF as a target-derived trophic fac- 
tor for peripheral neurons has had a major influence on 
studies directed at understanding its expression and ac- 
tions in both the peripheral and central nervous systems. 
In general, data for the expression of NGF and trkA indi- 
cate that NGF produced in the target of developing and 
mature neurons acts through trkA to maintain the survival 
and enhance the differentiation of responsive neurons. 



The situation may be more complex for the other neu- 
rotrophins. In some instances, a target-derived trophic re- 
lationship can be inferred. In others, it appears that 
autocrine or paracrine relationships may hold. An exam- 
ple of the latter is found in the hippocampus, where it has 
been shown that certain hippocampal neurons contain 
mRNA of both BDNF and trkB. 24 A further complication 
is the production of truncated versions of both trkB and 
trkC. It will be interesting to further define and character- 
ize the trophic relationships that neurorrophins use to in- 
fluence the survival and function of their responsive cells. 

Ciliary Neurotrophic Factor 

During the past few years exciting developments have 
occurred with respect to another neurotrophic factor 
called ciliary neurotrophic factor (CNTF). This factor was 
first purified as a substance extracted from intraocular 
tissues that supported the survival of ciliary ganglion neu- 
rons. 38 In its activity on ciliary neurons and by physico- 
chemical characteristics, the partially purified factor was 
found to be distinct from NGF. An enriched source of 
CNTF was found in the adult rat sciatic nerve, and a mod- 
ified purification protocol was used to purify CNTF activ- 
ity from this source. 3 * This allowed sequencing studies to 
be done, and eventually CNTF was cloned in several lab- 
oratories. 31-33 As predicted from the complementary DNA 
(cDNA) sequences in rats, rabbits, and humans, CNTF is 
a protein of 200 amino acids with a molecular weight of 
22,700. The availability of purified recombinant protein 
considerably enhanced studies of the biologic activity of 
CNTF. Responsive cells of the peripheral nervous system 
include ciliary ganglion neurons, dorsal root ganglia neu- 
rons, sympathetic neurons, and adrenal chromaffin cells. 
In the central nervous system, hippocampal neurons, fore- 
brain cholinergic neurons, and other populations, in- 
cluding spinal cord motoneurons, are responsive. 17 '" The 
survival of motoneurons is enhanced by CNTF both in 
vitro and in vivo. 34 - 36 In recent studies, disruption of the 
CNTF gene was shown to produce progressive atrophy 
and loss of motoneurons. 37 Interestingly, oligodendroglial 
progenitor cells, referred to as 02A cells, respond to 
CNTF, as do mature oligodendrocytes. 3 * 

As indicated, peripheral nerves serve as a rich source 
for CNTF. The production of CNTF in Schwann cells ex- 
plains the levels present. 30 An interesting feature of CNTF 
is the absence of a signal sequence. The meaning of this 
finding is uncertain, but the suggestion has been made 
that CNTF release may normally require cell injury with 
membrane disruption. Ciliary neurotrophic factor-like ac- 
tivity can be shown in stumps affixed to a lesioned nerve 
in the first few days after a nerve lesion. 30 In the central 
nervous system astrocytes may produce CNTF, 39 and the 
levels of production may increase after injury. Thus, it has 
been suggested that CNTF may play the role of a lesion 
factor. 30 

The actions of this neurotrophic factor include en- 
hanced neuronal survival. This has been most dramati- 
cally demonstrated in studies in vivo. Axotomy of the 
facial nerve of newborn rats normally results in a substan- 
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tial loss of motoneurons in the facial nucleus. The appli- 
cation of CNTF to the proximal stump prevented the loss 
of most neurons. 35 Ciliary neurotrophic factor enhances 
the cholinergic differentiation of neonatal sympathetic 
neurons, an effect that parallels the actions of another 
neurotrophic factor called leukemia inhibitory factor 
(LIF). 30 These two factors are biochemically distinct, but 
activate similar receptors (discussed later). An interesting 
feature of CNTF action in the central nervous system is 
its ability to prevent the death of axotomized medial sep- 
tal neurons, both cholinergic and noncholinergic in type. 
Interestingly, although CNTF promoted the survival of 
cholinergic neurons that are marked by pis'***, it did not 
maintain the activity of choline acetyltransferase, its neu- 
rotransmitter synthetic enzyme. 30 

Experiments to identify the CNTF receptor led to the 
discovery that a specific CNTF binding protein, desig- 
nated CNTF receptor a (CNTFRa), was homologous to 
a receptor for the hematopoietic cytokine, interleukin-6 
(IL-6). 4 " This finding led to several developments. The 
first was a structural analysis that suggested that IL-6 and 
CNTF were themselves distantly related and members of 
a larger family of cytokines that includes LIF, granulocyte 
colony-stimulating factor, and oncostatin M. All of these 
factors were known to activate similar intracellular sig- 
naling events, and there was the possibility that they used 
similar receptor systems. Subsequently it was found that 
CNTF, IL-6, LIF, and oncostatin M do share signal trans- 



ducing receptor components (Figure 2).* All of them use 
gpl30, a transmembrane protein initially identified as the 
IL-6 signal transducer. In addition, CNTF, LIF, and onco- 
statin M require a second signal transducer known as 
LIFR0. Specificity of CNTF actions arises from its bind- 
ing to the a-receptor component, together with LLFRp 
and gpl30. Receptor activation arises from the formation 
of a heterodimer between LJJFR0 and gp 130 (Figure 2). 
The signal is transduced through the activation of a fam- 
ily of cytoplasmic tyrosine kinases known as the Jak-Tyk 
family. Activation of these kinases leads to the initiation 
of the signaling cascade in the responsive cell, which in- 
cludes the phosphorylation of other cellular proteins. 41 
One of these is called acute-phase response factor. Acute- 
phase response factor is a latent cytoplasmic transcription 
factor that is rapidly activated in response to CNTF.° 

Distribution of the CNTFRa receptor should define 
possible sites of CNTF action. In fact, through in situ hy- 
bridization histochemistry, CNTFRa has been localized 
to all the known neuronal targets of CNTF, including neu- 
rons in the peripheral ganglia and spinal cord motoneu- 
rons* Aninteresting possibility arises from the structure 
of CNTFRa. This is a glycosylphosphatidylinositol- 
linked protein. This linkage is susceptible to enzymatic 
cleavage, and soluble CNTFRa can be found in cere- 
brospinal fluid. 41 It is known that cells bearing gpl30 
and LIFR0 that are normally not responsive to CNTF 
can be induced to respond by adding CNTF with soluble 
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Figure Z— Models are shown of granulocyte colony-stimulating factor (C-CSF [C]), interleukin-6 (IL-6 
[I]), leukemia inhibitory factor (UF [L]), and ciliary neurotrophic factor (CNTF [C]) receptor complexes 
(GCSFR, gpl 30, LIFRfJ, and CNTFRa) compared with the trk receptor tyrosine kinases used by neu- 
rotrophins (NT) (adapted from Ip and Yancopoulos*). The cytokine receptors are depicted as either ho- 
modimers or heterodimers of 0 (gpl 30 and LIFRp) components. Complex formation, including the 
dimerization of p-subunits, only occurs in response to ligand, and results in activation of associated Jak- 
Tyk tyrosine kinases. In the model, CNTFRa converts a functional LIF receptor complex into a functional 
CNTF receptor complex. Possible a components for G-CSF and LIF receptor complexes are indicated bv 
dashed lines. V y 
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CNTFRot. 43 This su ggests two possibilities. First, follow- 
ing the release of CNTFRa from the neuronal membrane, 
it could act to bind CNTF and prevent it from binding to 
its recept or on neurons. Alternatively, after binding to 
CNTF, CNTFRa could carry it to cells expressing gpl30 
and LIFRP and induce a response. This analysis suggests 
a complexity and spectrum of CNTF actions that may be 
different from those of the neurotrophins. 

Other Growth Factors of Interest 

The insulin gene family comprises the genes for in- 
sulin and the insulinlike growth factors I and II (IGF-I 
and IGF-II). There is increasing interest in the actions of 
these molecules in the nervous system. Insulinlike growth 
factor I is of considerable interest. The mRNA for IGF-I 
is present in the target zones of trigeminal and sympa- 
thetic neurons during the innervation period. It is also 
found in projection neurons in the maturing sensory and 
cerebellar relay systems and in nonpyramidal cells of the 
hippocampus and cerebral cortex. It may also be synthe- 
sized by Purkinje cells in the developing cerebellum. 44 
There is regulation of IGF-I mRNA levels during devel- 
opment with differences from region to region in the 
brain. Support for an IGF-I role in developmental regula- 
tion of neuronal function and survival comes from in vitro 
studies showing that IGF-I can induce neurite outgrowth 
in cultured motor, sensory, and sympathetic neurons. In 
addition, cortical neurons have been shown to respond, 
and IGF-I induces oligodendrocyte differentiation and 
myelin synthesis. 44 Suggesting a role for IGF-I in the de- 
velopment of the neuromuscular junction, IGF-I mRNA 
levels increase in muscle between embryonic day 14 and 
birth. Postnatal inhibition of IGF-I mRNA may contribute 
to the elimination of polyneuronal innervation. 45 

Insulin and the IGFs elicit their actions by binding to 
specific receptors on the surface of responsive cells. The 
receptors for insulin and IGF-I are similar. 44 Each is a 
disulfide-linked heterotetramer consisting of two a- and 
two P-subunits. The two a-subunits bind the ligand 
through a cystein-rich domain. These subunits lie entirely 
outside the cell. The p-subunits, which are linked by 
disulfide bridges to the a-subunits, contain a short extra- 
cellular domain and a transmembrane segment, followed 
by a cytoplasmic domain. The cytoplasmic domain con- 
tains an adenosine triphosphate-binding site and a tyro- 
sine kinase domain. These receptors are formally similar 
to those defined earlier for the neurotrophins. Activation 
of the receptor occurs through ligand binding to the 
a-subunit with a subsequent conformational change in the 
p-subunits leading to receptor tyrosine kinase activation 
and autophosphorylauon. This is followed by the activa- 
tion of various intracellular substrates through phosphor- 
ylation and the initiation of a cascade of events leading to 
the biologic response. The IGF-II receptor is distinct from 
that for insulin and IGF-I. The IGF-II receptor is a single 
polypeptide chain with a large extracellular domain and a 
short cytoplasmic domain. Signaling through this recep- 
tor may involve glycine protein activation. The concen- 
tration of IGF-I receptors peaks in the brain during fetal 



development. Examining the postnatal and mature brain, 
IGF-I receptor mRNA is found in sensory and cerebellar 
relay systems, in the frontal cortex, Ammon's horn, the 
amygdaloid nuclei, and the suprachiasmatic nucleus. Au- 
toradiography for IGF-I receptors shows rather dense la- 
beling in the olfactory bulb, cerebellum, choroid plexus, 
and other sites including neocortex. 44 Thus, both IGF-I 
and its receptor are widely distributed. 

Recently a glial cell line-derived neurotrophic factor 
(GDNF) for midbrain dopaminergic neurons has been de- 
scribed. 46 This potent factor was secreted by a rat glial cell 
line. It was purified to homogeneity and shown to pro- 
mote dopamine uptake in cultures of neurons from the 
midbrain. Both rat and human cDNA for GDNF were 
cloned using probes based on the amino terminal se- 
quence of purified GDNF. The protein predicted from the 
sequence data is a secreted molecule of 134 amino acids. 
It apparently exists as a disulfide-bonded homodimer 
and is distantly related to members of the transforming 
growth factor-p superfamily. In midbrain cultures, GDNF 
promoted the survival and differentiation of dopaminer- 
gic neurons. These effects appeared to be relatively spe- 
cific in that GDNF did not act on GABAergic or on 
serotonergic neurons* 

Animal Models of Disease Treated 
by Neurotrophic Factors 

The remarkable ability of neurotrophic factors to stim- 
ulate the survival and differentiation of neurons has sug- 
gested their use as trophic agents in diseases. Given 
advances in understanding the actions of these factors and 
the distribution of their receptors, we can now begin to 
develop a list of neurologic disorders and a corresponding 
list of factors that may prove useful (Table 2). Important 
diseases that might respond to neurotrophic factors are 
Alzheimer's disease, Parkinson's disease, and amyotro- 
phic lateral sclerosis. Peripheral neuropathy also suggests 
itself. Clinical trials are currently underway for amyo- 
trophic lateral sclerosis and vincristine-induced periph- 
eral neuropathy. At the same time, ongoing experiments 
in animal models of disease encourage the view that neu- 
rotrophic factors can be used to treat neurologic disorders. 

Nerve Growth Factor Treatment of 
Taxol Neuropathy 

Interesting studies have been done on NGF effects on 
the toxic neuropathy produced by the chemotherapeutic 
agent taxol. 47 Taxol has been used against solid tumors 
such as malignant melanoma and ovarian carcinoma. Un- 
fortunately, its use induces a toxic sensory neuropathy, 
and this phenomenon has limited its clinical usefulness. 
The effects of NGF on sensory neurons both in vivo and 
in vitro encouraged a study in which this trophic factor 
was used to attempt to prevent taxol neuropathy in vivo. 

For these studies an animal model for taxol neuropa- 
thy in mice was established. Taxol was administered to 
the mice intraperitoneally for six days, and they were 
tested three days thereafter for changes in sensory func- 
tion. To assess thermal pain threshold, a modification of a 
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TABLE 2.— Neurologic Disorders and Candidate Neurotrophic Factors for Therapy 



Peripheral neuropathy 

Sensory neurons 

Sympathetic neurons 

Parasympathetic neurons 

Amyotrophic lateral sclerosis 

Motoneurons 

Alzheimer's disease 

Basal forebrain cholinergic neurons . . 

Neocortical neurons 

Hippocampal neurons. 

Parkinson's disease 

Dopaminergic neurons 

Huprjngton's disease 

Striatal intemeurons 

Striatal cholinergic neurons 

•See Table 1 for abbreviations of neurotrophic fact 



NCF, BDNF, NT-3, NT-4/5 

NGF, FCF-2 

CNTF 

CNTF, BDNF, NT-4/5, IGF-1 



BDNF, NT-3, NT-4/5 
BDNF, NT-3, NT-4/5 



CDNF, BDNF, NT-4/5, FGF-1, FCF-2, IGF-I 
BDNF, NT-4/5 



standard tail-flick test was used. Mice were partially re- 
strained, and their tails were placed in a beaker of water. 
The temperature of the water was increased in incre- 
ments, and the experimenters observed the temperature at 
which the mouse flicked its tail out of the water. They 
were able to show that taxol significandy increased the 
temperature at which tail-flick occurred. When NGF was 
administered with taxol, there was no significant differ- 
ence from control animals in tail-flick temperature. Ad- 
ministering taxol was also found to reduce the mean level 
of substance P in the dorsal root ganglia. Substance P 
marks a portion of the NGF responsive neurons in the 
ganglia. Remarkably, NGF prevented the taxol-mediated 
decrease in substance P levels. Electrophysiologic studies 
were also carried out, and compound sensory amplitudes 
were depressed in the taxol-treated subjects. The coad- 
ministration of NGF prevented the decrease. There was 
little if any effect of taxol on the distal latency recorded in 
the caudal nerve. 47 

These studies demonstrate clearly that NGF can pre- 
vent the effects of taxol on measures of sensory nocicep- 
tive function. How NGF exerts its effects is uncertain. 
One possibility is that it in some way direcdy counteracts 
taxol's effects. Another possibility is that NGF protects 
neurons through some indirect means. An interesting pos- 
sibility raised by investigators is that taxol's effects on the 
cytoskeleton may in some way inhibit retrograde trans- 
port of the signal normally arising from NGF binding to 
its receptors in the periphery of sensory neurons. 47 If this 
were the case, then the administration of exogenous nerve 
growth factor could correct this deficiency by binding to 
receptors on or near the cell body. These studies suggest 
that NGF may be used to limit the dose-related toxicity of 
taxol and thus to facilitate the use of this drug in cancer 
patients. Conceivably, NGF or other neurotrophic factors 
acting on peripheral neurons could be used to augment 
the clinical usefulness of other cancer chemotherapeutic 
agents that produce peripheral nerve injury. 



Ciliary Neurotrophic Factor and 
Motoneuron Disease 

Several mouse mutants have been used to model mo- 
toneuron disease. The pmn/pmn mouse is an autosomal 
recessive mutant with progressive motor neuronopathy. 4 * 
In homozygotes, paralysis of the hind limbs begins dur- 
ing the third week of life. The forelimbs become weak 
thereafter, and all mice die between six and seven weeks 
following birth. Histologic study of muscle shows neu- 
rogenic atrophy. Axonal degeneration is seen, which ap- 
pears to start at motor end plates; it is found predomi- 
nantly in sciatic nerve and its branches and in the phrenic 
nerve. Unaffected nerve fibers are normally myelinated, 
and sensory axons are spared. In the ventral horns, mo- 
toneurons show a reduction in cell size, then chromatoly- 
sis, and finally cell death. The gene responsible for this 
disorder is unknown. 

On the basis of CNTF effects on motoneurons in vivo 
and in vitro, including the ability of this factor to prevent 
lesion-mediated degeneration of rat motoneurons during 
early postnatal life, 35 investigators pursued the hypothesis 
that CNTF could be used to prevent motoneuron degen- 
eration in pmn/pmn mice* It was first demonstrated that 
abnormalities in CNTF production were unlikely to cause 
the disease. Messenger RNA levels of CNTF in the sci- 
atic nerve of these subjects were similar to those in nor- 
mal mice. Also, extracts of nerves showed an equivalent 
amount of CNTF biologic activity. To administer CNTF 
to these subjects, a stable cell line was created by a trans- 
fection of mouse D3 cells with a construct in which 
CNTF genomic DNA was cloned 3' to a cDNA fragment 
coding for the first 20 amino acids of the mouse pre- 
pro/NGF sequence, which includes the entire signal pep- 
tide for this molecule. The thought was that this construct 
would allow both synthesis and secretion of CNTF in 
these animals. Experiments in which CNTF expression 
was tested in vitro showed that CNTF activity was read- 
ily released into the culture medium. After intraperitoneal 
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administration of these cells on postnatal day 21, intraab- 
dominal tumors were produced, and it was shown that 
CNTF was released into the serum of these animals. The 
production of CNTF in vivo was associated with en- 
hanced survival and with enhanced motor performance 
compared with untreated or mock-treated pmn/pmn mice. 
Both treated and untreated mice were killed between 
postnatal days 40 and 48. Examination of the facial nu- 
cleus showed that the number of motoneurons was 
greatly decreased in pmn/pmn mice and that treatment 
with CNTF had a large protective effect. Thus, whereas in 
untreated mice only 60% of neurons remained, in treated 
mice, 86% of cells were present. Also, the number of ax- 
ons in the phrenic nerve was substantially increased by 
CNTF treatment. 49 

The data show that CNTF rescues motoneurons from 
degeneration in pmn/pmn mice. They suggest that CNTF 
might be used to prevent motoneuron death and dysfunc- 
tion in motoneuron disease in humans. The possibility is 
raised that other factors active on motoneurons might also 
be useful, either given separately or in conjunction with 
CNTF. 

Nerve Growth Factor and the 
Trisomy 16 Mouse 

The focus of work in our laboratory has been on un- 
derstanding the natural processes of normal and diseased 
basal forebrain cholinergic neurons. Special emphasis 
has been placed on the response of these neurons to neu- 
rotrophic factors, especially NGF. Basal forebrain cho- 
linergic neurons atrophy and die in patients with Alz- 
heimer's disease, and it is known that these neurons are 
likely to contribute substantially to learning and memory 
deficits in these patients. 50 In developing an animal 
model for Alzheimer's disease, we made note of the in- 
teresting observation that the neurologic abnormalities of 
Alzheimer's disease universally develop at an early age 
in patients with the Down syndrome (trisomy 21). We 
reasoned that an animal model for Down syndrome 
might recapitulate important features of the neuropatho- 
genesis of Alzheimer's disease and allow us to pursue the 
mechanism for the degeneration of basal forebrain cholin- 
ergic neurons. The trisomy 16 mouse is a genetic model 
for human Down syndrome. Mouse chromosome 16 con- 
tains a cluster of genes and loci that are also located on 
the proximal arm of human chromosome 21. These in- 
clude the amyloid precursor protein, one of the glutamate 
receptor genes, and superoxide dismutase 1. Fetal trisomy 
16 mice demonstrate phenotypic features seen in Down 
syndrome, including endocardial cushion defects and 
hematologic and immunologic abnormalities. 

We hypothesized that cholinergic neurons of trisomy 
16 murine basal forebrain would show degenerative 
changes over time in vivo. To compare cholinergic neu- 
rons from trisomy 16 and from normal mice, we trans- 
planted fetal basal forebrain from trisomy 16 mice and 
from control fetuses into the hippocampus of normal 
mice. The hippocampus is the normal target of these neu- 
rons. Transplantation experiments showed that both tri- 



somy 16 and control grafts survived for long periods in 
vivo. Interestingly, while cholinergic neurons appeared 
normal in both trisomy 16 and control transplants after 
one month, after six months there was clear-cut atrophy 
of trisomy 16 neurons. Atrophy was specific for choliner- 
gic neurons. 51 To determine whether NGF could reverse 
this atrophy, NGF was administered by intraventricular 
cannulae between and 6 months of age. Vehicle injec- 
tion served as the control. Animals were killed at 6 
months of age, and grafts were assessed by immunostain- 
ing for choline acetyltransferase, the neurotransmitter 
synthetic enzyme for cholinergic neurons. As in earlier 
studies, there was atrophy of trisomy 16 cholinergic neu- 
rons relative to control neurons. The mean cross-sectional 
area was reduced by about 20% in vehicle-treated sub- 
jects. Following NGF infusion, trisomy 16 cholinergic 
neurons were significantly enlarged. Remarkably, both 
trisomy 16 and control neurons treated with NGF were 
substantially larger than control cholinergic neurons in 
vehicle-treated animals. The increase for trisomy 16 cells 
was to a size 29% greater than vehicle-treated control 
cholinergic neurons. There was no significant difference 
between the size of NGF-treated trisomy 16 and control 
neurons. 52 In follow-up studies we asked whether NGF 
levels were different in the hippocampus of animals that 
received trisomy 16 cells versus those that received con- 
trol cells. No difference in NGF levels was apparent. In- 
deed, the size of the host basal forebrain cholinergic 
neurons, which have their axons in the same hippocampal 
territories as transplanted cells, was normal on both the 
side of the trisomy 16 transplant and the side of the con- 
trol transplant This suggests that the level of NGF avail- 
able to trisomy 16 and control neurons was equivalent 
We next asked whether NGF receptors continued to be 
expressed in neurons of trisomy 16 mice. We found evi- 
dence of both trkA and p75 NGFR expression in both control 
and trisomy 16 neurons. 52 The levels of receptor expres- 
sion and binding are now being addressed. 

Using the trisomy 16 mouse model of the Down syn- 
drome, we have shown that NGF can reverse genetically 
determined neuronal atrophy. Further analysis of this 
model may give insight into pathways that lead to neuronal 
degeneration in vivo and establish how NGF and other 
neurotrophic factors could be used to prevent dysfunction 
and death of these neurons in Alzheimer's disease. 

Pursuing the Mechanisms of 
Neurodegeneration 

The studies cited in this article give evidence that neu- 
rotrophic factors can prevent or reverse the degeneration 
and dysfunction of neurons caused by environmental and 
genetic insults. In addition to suggesting novel forms of 
therapy for these disorders, they raise the question of 
whether neurotrophic factors may be implicated in the 
pathogenesis of nervous system disorders. One possibil- 
ity is that a primary deficiency of the neurotrophic factor 
is at the root of the disease. The examples cited earlier 
provide evidence that this is not required to produce such 
disorders. Indeed, in the case of the trisomy 16 mouse 
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transplants, atrophy occurred over a several-month period 
in vivo in the presence of what appear to have been nor- 
mal levels of NGF. Thus, it would appear that an intrinsic 
abnormality in trisomy 16 cells was responsible for the 
changes that were demonstrated. No abnormality of a 
trophic factor has yet been clearly implicated in a disease 
state. Nevertheless, recent exciting work on mice in 
which the genes for either NGF or BDNF have been 
knocked out show unequivocally that eliminating the pro- 
duction of individual neurotrophic factors can produce 
considerable neuronal loss. 5 " 4 

A second possible explanation for neurodegeneration 
is that there is some fundamental abnormality in the re- 
ceptor for a specific neurotrophic factor. Again, there are 
no disease examples to prove the case, but the possibility 
can be easily envisioned. A third possibility is that events 
downstream from the receptor that are important for sig- 
naling that leads to a maintenance of neuronal survival 
and function are altered in diseased neurons. In fact, these 
two possibilities can be combined in the case of the tri- 
somy 16 mouse to suggest a means by which these neu- 
rons degenerate. It is known that NGF must bind to these 
receptors to activate its responsive cells. It is known also 
that one response to NGF is for gene expression for its re- 
ceptors to be induced in these neurons. 55 Thus, even a sub- 
tle decrease in the ability of NGF receptors to be bound 
or activated by NGF, or in any of the many downstream 
events leading to the regulation of receptor gene expres- 
sion, could in time result in fewer receptors at the cell sur- 
face. This situation could create progressive neuronal 
atrophy and conceivably even death of these cells in the 
presence of normal levels of NGF. 

Finally, it is worth mentioning that the response of 
neurons to neurotrophic factors could be substantially dif- 
ferent in patients with disease. The possibility can be en- 
visioned that both beneficial and deleterious effects could 
arise from neurotrophic factor treatment of diseased neu- 
rons. Although it will be difficult to predict in advance in 
which diseases this may occur, these observations argue 
strongly for carrying out studies in realistic animal mod- 
els of disease before human trials are conducted. In the 
case of the trisomy 16 mouse, NGF treatment did not ap- 
pear to injure the responding neurons and created no new 
disorder. 52 Thus, for NGF there is no evidence that a dele- 
terious effect would accompany its actions on diseased 
basal forebrain cholinergic neurons. 

The observations cited in this article make it clear 
that there is a great deal of work yet to do to understand 
and to exploit the therapeutic potential of neurotrophic 
factors. Studies on the biology of these factors must pro- 
ceed concurrently with studies designed to understand 
the mechanism of their action in reversing neuro- 
degeneration. 

Clinical Trials Using 
Neurotrophic Factors 

There are several ongoing trials in which neurotrophic 
factors are being used to attempt to inhibit the dysfunc- 
tion and death of neurons in specific neurologic disorders. 



Genentech has sponsored studies examining NGF for the 
treatment of peripheral neuropathy. A Phase I trial is now 
complete, and there are plans for testing NGF effects in 
diabetic neuropathy later this year. Genentech has also 
announced an interest in sponsoring trials of NGF in 
Alzheimer's disease. The neurotrophic factor would be 
delivered by intraventricular cannula. This ambitious trial 
is scheduled to begin within the next year. Amgen-Regen- 
eron Partners are sponsoring a project to examine the ef- 
fects of BDNF in amyotrophic lateral sclerosis. Other 
trials of neurotrophic factors have also been directed at 
this neurologic disorder. A Regeneron-sponsored Phase 
HI trial using CNTF at either a high or a low dose was re- 
cendy completed. The final analysis of the data is pend- 
ing, but based on an interim analysis, it is not expected 
that CNTF-treated patients will be improved relative to 
placebo-treated controls. This is thought to be due, at 
least in part, to impaired neuromuscular function result- 
ing from untoward side effects, which included anorexia, 
weight loss, nausea, and cough. A second trial for CNTF 
in amyotrophic lateral sclerosis is being sponsored by 
Synergen. In this trial, CNTF is being used at a lower 
dose. There are no results as yet available. Cephalon is 
also sponsoring trials in this disorder, using IGF-I in a 
Phase n/m North American trial that should be com- 
pleted by the end of 1994. Preliminary data analysis is ex- 
pected to be available in early 1995. Cephalon is 
sponsoring a similar trial in Europe; preliminary data 
should be available by mid- to late-1995. Finally, 
Cephalon is planning a Phase II trial using IGF-I in vin- 
cristine neuropathy. 
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